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ABSTRACT 
Sound production is a widespread phenomenon in fishes; however, the 
importance of acoustic signals and their potential to influence reproduction has not 
been determined. This dissertation examines fish acoustic courtship signals to investigate 
whether sound has a role in reproductive success. The pre-spawning sounds of several 
fishes were recorded and analyzed. The male advertisement call of two species of 
Belizean toadfish, Sanopus astrifer and Batrachoides gilberti, were found to significantly 
differ. These data, coupled with data in the literature suggest an influence of habitat 
characteristics on the calling behavior of toadfishes. Additionally, acoustic playback 
experiments were employed to investigate the role of male courtship sounds in the 
Malawi cichlid species, Tramitichromis intermedius. Playback results indicated that male 
sounds may initiate egg-laying behavior in females, but may not be behaviorally relevant 
 vi 
 
to conspecific males. A discussion of confounding factors in aquarium playback 
experiments is presented. 
Technical aspects of fish sound recording, playback, and analysis were also 
examined to provide information for future fish bioacoustics studies. It was determined 
that digital cameras are a useful method of recording fish sounds to describe metric 
characteristics; however, temporal parameters are more accurately captured by 
hydrophones, which are optimal for use in scientific description of fish sounds. 
Underwater speakers commonly used in fish playback experiments were tested for 
fidelity when producing a low-frequency pulsed fish sound. The Electro-Voice UW30 
speaker was found to perform the best playback at low sound pressure levels (<120 dB 
re 1 µPa) and at short distances (< 15 cm). The Clark Synthesis AQ339 speaker 
performed the best playback at higher sound pressure levels (>120 dB re 1 µPa) and at 
greater distances than the UW30. Many fish sounds have been described in the 
literature; however, there is no standardization of sample size used in species 
descriptions. A method is presented that can be used to estimate the level of 
inclusiveness of sound variability in sound descriptions, and to approximate sufficient 
sample sizes of recordings. The courtship calls of Dascyllus albisella and Batrachoides 
gilberti were examined to illustrate this method and to provide a benchmark for future 
sound descriptions. 
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Introduction 
 
Bioacoustics is the study of biological sounds, or the study of the perception, 
production, and association of behaviors with the acoustic signals of animals. An 
understanding of the acoustic behavior of animals allows for distinction between 
otherwise similar species, and the ability to investigate the role of sound in the 
processes of species divergence or the maintenance of species separation. The study of 
bioacoustics is one method that can be used to assess species diversity. Species diversity 
can be a stabilizing factor for ecosystems in the face of events such as global warming, 
over-harvesting, pollution, and habitat destruction – negative impacts that are currently 
experienced by much of the world’s environments. Determining the differences in 
acoustic signals of animals allows examination of the processes that create and maintain 
species diversity, knowledge of which is critical to protecting this diversity. 
Advances in the study of the acoustic signals of fish generally lags behind the 
study of terrestrial animal groups, mainly due to a bias of human observers studying 
subjects easily perceived and recorded in our native environment. In addition, many fish 
sounds are inaudible to the human ear without the aid of technical equipment.  The 
accessibility of commercial technology such as underwater speakers, hydrophones, and 
rebreather diving systems, has increased greatly in the last 50-60 years (Rosenthal and 
2 
 
 
Lobel 2006). This has allowed scientists greater ability to listen, record, and playback fish 
sounds in order to examine the behavioral functions of fish sounds. 
What fish bioacoustics has yet to determine, is how important acoustic signals 
are in the survival and successful reproduction of fishes. Therefore, the next big 
question in fish bioacoustics is: do acoustic signals play a role in fish reproduction? 
Reproduction is one of the most important life-history event in the lives of most 
animals, allowing for the transmission of genes to the next generation that, along with 
survival, is part of the definition of evolutionary fitness and success. Courtship is often 
the prelude to the act of reproduction, and many fish sounds are associated with 
courtship (Amorim 2006). Therefore, the aim of this dissertation was to investigate the 
role of fish sounds during courtship. The male courtship sounds in two groups of fishes, 
toadfish and cichlids, were examined to investigate whether these sounds may play a 
part in successful reproduction. 
The boatwhistle courtship call of three species of toadfish, Opsanus tau, Sanopus 
astrifer, and Batrachoides gilberti were recorded in the field and then analyzed. The 
boatwhistle calls appeared to be species-specific (Chapter 1); however, recording 
equipment differed between species. To verify that the differences in call characteristics 
were not due to differences in equipment, an evaluation of digital camera and 
hydrophone recording technology was completed. Dissimilarities in temporal accuracy 
were found in digital camera recordings; however, significant differences in number of 
notes per call were accurately measured (Chapter 2). The results of this evaluation 
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indicated that the temporal parameters that were measured for B. gilberti could not be 
used for interspecific comparison; however, significant differences in the number of 
notes per call do exist between toadfish species. 
Investigation into the role of male courtship calls of the Lake Malawi cichlid, 
Tramitichromis intermedius, began with determining the response of isolated 
reproductively mature females to the acoustic playback of male courtship sounds. 
Preliminary results of the acoustic playback experiments suggested that courtship 
sounds may instigate spawning behavior in females (Chapter 3). Thus, the male courtship 
sounds in this species may have a possible reproductive priming function, in addition to 
that of advertisement and attraction. Since field observations suggest T. intermedius 
males are also attentive to conspecific courtship calls, the preference for association 
with conspecific male courtship sounds was determined with a two-choice acoustic 
playback experiment. Results appeared to indicate that there was no male preference 
for association with conspecific courtship sounds at the species level (Chapter 4). 
However, acoustic quality of the fish sounds during experimental playback was 
hypothesized to be a factor in the unclear behavioral results. Therefore, an evaluation of 
comparable models of commercial underwater speakers used in recent fish playback 
experiments was completed to determine if playback quality could have influenced male 
response to the playback of acoustic signals. The Clark Synthesis AQ339 speaker was 
found to produce the most accurate playback of the T. intermedius courtship sound in 
higher amplitude, long distance, and high ambient noise situations, while the Electro-
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Voice UW30 speaker produced the most accurate playback in low amplitude, short 
distance, and low ambient noise conditions (Chapter 5). The Clark Synthesis speakers 
utilized in the male T. intermedius playback experiments were the best choice for 
equipment; however, the accuracy in fish sound playback may still not have been 
sufficient to elicit a clear behavior response. 
The final chapter of this dissertation attempted to address the question in fish 
bioacoustics of: what sample size is needed to describe a fish sound? The number of 
recorded sounds used to describe fish sounds in the literature varies widely, so a 
method was developed to characterize the variability of a sample, and to estimate the 
sample size required to describe the full-range of variability in the group of study 
(Chapter 6). The use of this method was demonstrated using sound analysis of the 
courtship sounds of Batrachoides gilberti and Dascyllus albisella. This characterization of 
variability could be included, in addition to reported mean sound parameters, in future 
fish sound descriptions. 
The results of this dissertation research provided further evidence that the 
acoustic signals of fish do play an important role in fish reproduction. Additionally, it 
provided information that may help to address some of the challenges in fish bioacoustic 
research. 
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Chapter 1: Acoustic Signals of Two Toadfishes from Belize: Sanopus astrifer 
and Batrachoides gilberti (Batrachoididae)1 
 
Abstract 
The “boatwhistle” calls of Sanopus astrifer and Batrachoides gilberti, two toadfish 
species from Belize, are described for the first time. These descriptions add to the small 
number of toadfish species sounds known to date (6 out of 79 species). Both Belize 
toadfishes produced multiple notes per call, unlike most other toadfish species which 
produce a single-note call (with the exception of Opsanus beta). S. astrifer produced 
significantly more notes per call than B. gilberti (p < .05), and was recorded producing up 
to 7 notes, the highest number of notes per call of any toadfish species reported. 
Differences in the boatwhistle call between all species with available data are reviewed 
and it is hypothesized that phylogenetic relationships, morphology of the swimbladder, 
and evolutionary processes are factors that potentially influenced these differences. 
 
 
1 Previously published as Mosharo KK, Lobel PS (2012) Acoustic signals of two 
toadfishes from Belize: Sanopus astrifer and Batrachoides gilberti (Batrachoididae). 
Environmental Biology of Fishes 94: 623-638. 
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INTRODUCTION 
 
Toadfishes (Batrachoididae) contract sonic muscles surrounding the swimbladder 
at high frequencies to produce sounds used for communication (Skoglund 1961, Rome 
et al. 1996, Fine et al. 2001). Both males and females produce broadband grunt sounds 
during agonistic encounters, but it is believed that only male toadfishes produce a long 
tonal advertisement call termed a “boatwhistle” (Gill 1907, Gray and Winn 1961, Fine et 
al. 1977, Bass and McKibben 2003). Nest-holding males produce these boatwhistle calls 
(‘hums’ in the midshipman, Porichthys notatus, ‘hoots’ in Batrachomoeus trispinosus) to 
attract gravid females to their nests to lay eggs (Gray and Winn 1961, Winn 1972, Ibara 
et al. 1983, McKibben and Bass 1998, Amorim et al. 2006). Currently, the sounds of only 
6 of the 79 species (8%) in the family have been described (Greenfield et al. 2008, Rice 
and Bass 2009): Batrachomoeus trispinosus, Halobatrachus didactylus, Opsanus beta, Opsanus 
phobetron, Opsanus tau, and Porichthys notatus. In this study, we add the description of 
sounds produced by 2 tropical species: Sanopus astrifer (Robins and Starck 1965), and 
Batrachoides gilberti (Meek and Hildebrand 1928). 
Descriptions of toadfish boatwhistle calls from the literature (Table 1.1) illustrate 
the diversity in calling between species: single-note calls (O. tau, O. phobetron, H. 
didactylus, B. trispinosus) and multiple-note calls (O. beta). There is also a large variation in 
note duration ranging from hundreds of ms (< 1sec for H. didactylus, O. beta, and O. tau), 
up to 1 sec for O. phobetron, (Tavolga 1968), up to 6 sec for B. trispinosus (Rice and Bass 
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2009), and up to an hour-long continuous call produced by P. notatus (Ibara et al. 1983, 
Brantley and Bass 1994, Bass et al. 1999). Some species produce introductory grunts 
preceding the boatwhistle call (O. beta typically produces 1-3, Thorson and Fine 2002), 
and some produce a grunt-like portion that begins the tonal portion of the boatwhistle 
call (H. didactylus, the grunt-like portion begins and ends the call, Amorim et al. 2006; O. 
beta, Thorson and Fine 2002; O. phobetron, Fine et al. 1977).  Additionally, groups of 
calling P. notatus have the ability to produce acoustic beats (McKibben and Bass 2001), 
while lone individuals of B. trispinosus can produce beats, possibly through independent 
control of sonic muscles on separate lobes of its bilaterally divided swimbladder (Rice 
and Bass 2009, Rice et al. 2011).  
Calling toadfishes listen to their neighbors and synchronize their calls to 
minimize boatwhistle call overlap (Winn 1967, Fish 1972, Thorson and Fine 2002). 
However, certain species exhibit boatwhistle tagging behavior, likely a display of 
dominance, in which males grunt during another male’s boatwhistle call (O. beta and 
likely O. tau, Thorson and Fine 2002.  Boatwhistle calls were also shown to function in 
male-male competition through playback experiments in which males were stimulated to 
call faster when they heard boatwhistle calls above a certain rate (Fish 1972, Winn 
1972). Males increase their calling rate when a gravid female is nearby (Gray and Winn 
1961), so it was hypothesized that a rapid calling rate may be more attractive to females. 
Therefore, when a male increases his call rate he indicates the presence of a gravid 
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female to his neighbors, who in turn increase their calling rate to compete for the 
female (Fish 1972). 
This study describes the boatwhistle calls of Sanopus astrifer (Figure 1.1) and 
Batrachoides gilberti (Figure 1.2); both species occur in Belize, Central America, but are 
not known to be sympatric. B. gilberti occurs on the inner reef along the entire Atlantic 
coast of Central America from Belize to Panama (Greenfield and Thomerson 1997). In 
contrast, S. astrifer has a very limited range that does not extend outside of Belize, 
occurring only on the outer oceanic atolls of the Mesoamerican barrier reef system: 
Turneffe and Glover’s Atoll (Greenfield et al. 2008). These are the first descriptions of 
sounds from species in these genera. 
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Table 1.1 Toadfish boatwhistle parameters reported in the literature; the hum of Porichthys notatus is included. Temporal parameters 
reported for B. gilberti should not to be used for interspecific comparison due to differences in recorder accuracy.   
 
 
 
Species 
# Notes 
Range 
(mean + 
SD) 
Note 
Length 
(ms) 
Internote 
Interval 
(ms) 
Call 
Length 
(s) 
Intercall 
Interval 
(s) 
Mean Call 
Rate 
(call/min) 
Dominant 
Frequency 
(Hz) 
Fundamental 
Frequency 
(Hz) 
Muscle 
Contract 
Time 
(s) 
References 
Batrachoides 
gilberti 
1-5 (2.9 + 
0.8) 
~331 ~200 ~1.33 ~20.77 3.18 
314.8 + 
145 
96.2 + 3 ~3.15 This study 
Batrachomoeus 
trispinosus 
1 
285 – 
6,077 
N/A 
285 – 
6,077 
1.95 + 
.08 
* 
426.4 + 
10.1 
151.35 + 0.39 * 
Rice and Bass 
2009 
Halobatrachus 
didactylus 
1 
681.9 + 
154.4 
N/A 
0.79-
0.8 
* 
39.9 
calls/hr 
117.9 + 
35b 
183.9 + 
19.2a 
60-133 * 
dos Santos et al. 
2000a, Amorim et 
al. 2006, Amorim 
et al. 2010b 
Opsanus beta 1-5 
100-
852 
36 -150 1.1 * 
4-5 
(max 22) a 
260-350 279b 8.52 
Tavolga 1958, 
Tavolga 1960, 
Fine et al. 1977, 
Thorson and Fine 
2002a 
 Calculated using 
Thorson and Fine 
2002 datab  
Opsanus 
phobetron 
1 1000 N/A 1 * * * 260 * Fine et al. 1977 
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Opsanus tau 1 
245-
700 
N/A 
244.4 + 
117.3b 
* 
10-12 
(max 25) 
~ 200-250 ~100 2.4-2.9 
 Tavolga 1958, 
Fine et al. 1977, 
Fine 1978; 
calculated using 
Fine 1978 datab 
Porichthys 
notatus 
1 
370-
3.6x10
6
  
N/A 
370-
3.6x10
6
 
* * 105-110 100 * 
Brantley and Bass 
1994, Fine et al. 
1977 
Sanopus 
astrifer 
1-7 (3.6 + 
1.2) 
242 172 1.32 11.78 4.93 220.7 + 60 109.7 + 5 4.77 This study 
 
 
 
* Data not reported 
N/A = Not Applicable, these species produce a single note 
Table 1.1, continued 
10 
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Figure 1.1 Photo of Sanopus astrifer individual recorded in Belize at Long Cay in 1993. 
 
Figure 1.2 Photo of Batrachoides gilberti individual recorded in Belize at Hunting Cay in 2007. 
Photo by Jamani Balderamos.  
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MATERIALS AND METHODS 
Sound Recordings 
Recordings of Sanopus astrifer calls were made in Belize (Figure 1.3) at Long Cay 
(approximate coordinates: N16º45.335’, W087º46.826’) on December 9, 1993 and at 
Middle Cay (N16º44.465’, W087º48.699’) on December 23, 1999. Recordings were 
made using a video camera with a hydrophone, frequency range of 10-3000 Hz and 
sensitivity of 10 psi of -162 dBv/µPa + 2.0 dB (BioAcoustics, Inc., Woods Hole, MA 
02543), connected to a Sony V-9 eight mm or Sony VX-1000 video camera with the 
hydrophone attached to a boom (1m in length) that extended in front of the camera 
toward the fish (Lobel 2001). The diver or snorkeler anchored the camera and 
hydrophone near the calling fish, left the area, and then returned at a later time to 
retrieve the system. In 1993 a total of 93 minutes of recording was captured for two 
individuals (45 and 48 minute durations). The first recording began at dusk, and the 
second immediately followed. An additional 14 minute recording made at dusk in 1999, 
provided 36 clearly recorded calls from multiple individuals. However, due to the 
unknown number of individuals present in this recording all calls were treated as a single 
dataset for analysis.  Recordings were made at a depth of less than 3 meters and at a 
distance of less than 1meter from the hydrophone to the fish. A lack of light after dusk 
prohibited the recording of behaviors during calling. Recordings gave no indication that 
fish moved or exited the nest during recording by a change in call amplitude.  
13 
 
 
Recordings of Batrachoides gilberti calls were made in Belize (Figure 1.3) at Wee 
Wee Cay (N16º45.955’, W088º08.504’) on December 1, 2007 beginning after 20:00 
(n=1, 57 min), at Littlewater Cay (N16º26.975’, W088º05.757’) on January 20, 2008 
beginning at 18:22 and 19:19 (n=2, 53 min and 47 min, respectively), and at Hunting Cay 
(N16º06.511’, W088º16.055’) on February 6, 2008 beginning at 19:04 (n=3; 23 min, 15 
min, and 18 min). 6 individuals were recorded for a total time of 213 minutes. 
Recordings were made with a Canon Powershot A570IS or a Canon Powershot SD900 
digital camera in an underwater housing while snorkeling or on scuba. The diver or 
snorkeler anchored the camera less than 1 meter from the calling fish, left the area, and 
then returned at a later time to retrieve the camera. Darkness prohibited the recording 
of behaviors during calling, but it was frequently observed while placing the cameras that 
the toadfish remained in the nest, often sitting at the entrance as seen in H. didactylus 
(dos Santos et al. 2000). Recordings gave no indication that fish moved or left the nest 
by a change in call amplitude during recording.   
Calling fish were likely males due to the sexually dimorphic calling behavior 
observed in other toadfish species (Gill 1907, Gray and Winn 1961, Fine et al. 1977, 
Bass and McKibben 2003), however, fish were not collected and sex of the calling 
individuals was not definitively determined. Species identification of fishes was 
determined using photos of calling individuals (Figures 1.1 and 1.2) combined with the 
location and known range of toadfish species occurring in Belizean waters based upon 
14 
 
 
Collette (2002). Water temperature measurements were not available for these 
recordings.  
Sound Analysis 
Sounds were digitized at 41.1 kHz (16-bit resolution) and analyzed using Raven 
Interactive Sound Analysis Software (Cornell Lab of Ornithology). Temporal 
measurements were made from oscillograms, frequency measurements from power 
spectra, and only sounds with good signal to noise ratio were used in analyses. The 
multiple elements of the toadfish boatwhistle calls in this study were referred to as 
‘notes’, consistent with the bioacoustic descriptive terminology defined by Isaac and 
Marler (1963), and with terminology used in the description of the boatwhistle calls of 
the Gulf toadfish, Opsanus beta (also referred to as ‘boops’, Thorson and Fine 2002a, 
Thorson and Fine 2002b).  
The following sound parameters were measured: number of notes per call, note 
length, internote interval (the duration of silence between the end of one note and the 
beginning of the next), call length (the duration from the start of the first note to the 
end of the last), intercall interval (the duration of silence between the end of one call 
and the beginning of the next), calling rate (number of calls per minute), mean number 
of notes per minute, fundamental frequency (the lowest frequency component of the 
tonal sound, including all notes in a call), dominant frequency (frequency with the highest  
15 
 
 
Figure 1.3 Locations where individuals of Sanopus astrifer were recorded, indicated by an open 
circle (n=2; 1 individual at Long Cay and 1 at Middle Cay), and where individuals of Batrachoides 
gilberti were recorded, indicated by a closed circle (n=6; 1 individual at Wee Wee Cay, 2 at 
Little Water Cay, and 3 at Hunting Cay), in Belize, Central America.  
 
 
Sanopus astrifer 
Batrachoides gilberti 
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average power, including all notes in a call), and the point of maximum amplitude 
in a note (time of maximum amplitude/duration, as defined by Rice and Bass 2009). 
Dominant frequency values were determined using the maximum frequency 
measurement in the selection spectrum view of Raven v. 1.3 (Cornell Lab of 
Ornithology) in order to measure the frequency with the highest average power over an 
entire call. We felt that this method provided the best frequency representation of the 
multiple-note calls due to a general trend of dominant frequency to increase in the first 
few notes of a call before stabilizing. We began the measurement at the tonal portion of 
the first note (labeled FM in Fig. 4 and Fig. 5) since its long broadband portion tended to 
skew frequency values away from that of the majority of the notes. To determine the 
mean point of maximum amplitude of all notes, a single note was analyzed from each 
call, and an approximately equal number of each note type was used (1st-7th for S. astrifer, 
1st-5th for B. gilberti). Frequency and point of maximum amplitude values were 
determined using 16 randomly chosen calls from each individual to equally represent all 
recorded individuals in the species means.  
Mean number of notes per minute was calculated by multiplying the mean call 
rate (calls/min) by the mean number of notes per call in order to get a mean number of 
notes per minute for each species. An estimate of total muscle contraction time per 
minute was then calculated by multiplying the mean number of notes per minute by the 
mean note length for each species (“on time” as described by Thorson and Fine 2002). 
Coefficient of variation (CV) was calculated for each call parameter within individuals (all 
17 
 
 
call recordings from one individual) and between individuals (all call recordings from all 
individuals) to indicate the level of variation produced in the calls of a single individual 
versus that of multiple individuals.  
18 
 
 
Figure 1.4 Comparison of recording accuracy between a hydrophone and the digital cameras used to record B. gilberti boatwhistle calls. 
Amplitude sensitivity shows the waveform of synthetic sounds recorded simultaneously at the same distance from the source. Maximum 
frequency shows a sonogram indicating the frequency limit the recorder can detect. Inherent noise shows a sonogram indicating the 
frequency of noise created by the recording system itself. All noise below 100 Hz is ambient noise and not created by the recording 
systems.  
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Figure 1.5 Representative boatwhistle call of Sanopus astrifer. (a) Spectrogram (Hz). Parameter 
measurements: NL; note length, II; internote interval, FM; frequency measurements, CL; call 
length. (b) Waveform (relative amplitude), bar indicates the note shown in part c. (c) Close up 
of  note waveform (Hamming window, 1898 samples, Filter Bandwidth 30.2 Hz) 
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Calibration of Recording Technologies 
In order to be certain that recordings made with different equipment were 
directly comparable, the digital cameras and hydrophone recording system used for 
toadfish sound recordings were calibrated in the laboratory. Simultaneous recordings of 
synthetic sounds (created with a Digital Function Generator, Digital Recordings, 
www.digital-recordings.com/www-dfg/www-dfg-products.html) including pure tones, 
frequency sweeps, and notes of varying duration, were made in order to test for 
accuracy in recording frequency, amplitude, and temporal characteristics of underwater 
sounds. The recordings were examined for differences between the recording devices 
using Raven v. 1.2.1 (Cornell Lab of Ornithology). The results provided information on 
how these various recording systems perform in differing sound environments. 
Statistical Analysis 
Acoustic data from all individual fish were combined into a single species dataset 
for the calculation of mean species sound parameter values. This follows the species 
mean calculation method of several acoustic fish studies in the literature (Hawkins and 
Amorim 2000, Amorim et al. 2004, Parmentier et al. 2006, Parmentier et al. 2010). This 
approach was used due to the overall small number of individuals recorded but balanced 
by the large number of recordings for each individual. Individual means are also reported 
to demonstrate individual variation in the calling of these species. 
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Number of notes per call data were found to be non-normal using the Shapiro-
Wilk test (Shapiro and Wilk 1965, Zar 1999) for normality (p < .05). Consequently, the 
non-parametric Wilcoxon signed-ranks test (Wilcoxon 1945, Zar 1999) was used for 
interspecific comparison (p < .05). Statistical tests were performed using JMP 8 (SAS 
Institute, Inc.).  
 
RESULTS 
Comparison of Recording Technologies 
Results from comparing the recording modalities (Fig. 4) indicated that digital 
camera recordings were not as accurate as those made using a quality hydrophone. 
Number of notes per call, frequency, and call rate data were all precisely recorded, 
however, systems varied in their ability to capture temporal characteristics. The digital 
cameras introduced temporal error of over 10% of the mean note lengths of 
boatwhistle calls. This substantial error made it impossible to make confident 
comparisons of temporal differences between species recorded using different methods. 
Consequently, mean values of temporal characteristics are reported for B. gilberti, but 
these data should not be used for interspecies comparison due to the use of digital 
cameras for recording. The differences in sound recording quality produced by these 
and other cameras are detailed in Kovitvongsa and Lobel (2009). 
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Toadfish Boatwhistle Descriptions 
A total of 502 boatwhistle calls from 3 individuals for Sanopus astrifer (the third 
individual represented a recording of 36 boatwhistle calls of an unknown number of 
individuals), and 388 boatwhistle calls from 6 individuals for Batrachoides gilberti, were 
recorded and analyzed. Mean acoustic parameters are reported in Table 1.2 (S. astrifer) 
and Table 1.3 (B. gilberti).  
Sanopus astrifer 
The boatwhistle of Sanopus astrifer consisted of 1-7 notes per call with a mean of 
3.6 + 1.2 notes per call (mean + SD), mean note lengths of 242 + 31 ms, and internote 
intervals of 173 + 23 ms. Call length was 1.32 + 0.48 sec with intervals of 11.82 + 12.27 
sec between calls. Mean calling rate for S. astrifer was 4.93 + 2.70 calls per minute (n=2 
individuals), and when multiplied by the mean number of notes per call, resulted in an 
estimated 17.7 notes produced per minute. This number of notes per minute was then 
multiplied by mean note length (242 ms) to estimate the total duration of muscle 
contraction per minute of calling. Thus, 17.7 notes produced per minute translated into 
4.28 seconds of muscle contraction per minute of calling behavior. Dominant frequency 
of S. astrifer’s boatwhistle call was 220.7 + 60 Hz, mean fundamental frequency was 
109.7 + 5 Hz, and the point of maximum amplitude occurred approximately half way 
through the duration of each note (47.61 + 30.4%). Coefficient of variation was 
approximately 13% between individuals for note length and internote interval, and 
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ranged between 10-16% within individuals for note length and 12-14% for internote 
interval. Coefficient of variation for number of notes per call was 32% between 
individuals and ranged from 25-32% within individuals, and was 36% between individuals 
for call length, ranging from 28-36% within individuals. A representative spectrogram 
and waveform of S. astrifer’s boatwhistle call is shown in Figure 1.5. 
Batrachoides gilberti 
The boatwhistle of Batrachoides gilberti consisted of 1-5 notes per call with a 
mean of 2.9 + 0.8 notes per call (mean + SD), mean note lengths of 331 + 66 ms (mean 
+ SD), and internote intervals of 200 + 50 ms (mean + SD). Call length was 1.33 + 0.4 
sec with intervals of 20.77 + 18.97 sec between calls. Mean calling rate for B. gilberti was 
3.19 + 1.97 calls per minute (n=6 individuals), which resulted in an estimated 9.1 notes 
produced per minute. This calling rate translated into 3.01 seconds of muscle 
contraction per minute of calling behavior. Mean dominant frequency of B. gilberti’s 
boatwhistle call was 314.8 + 145 Hz, mean fundamental frequency was 96.2 + 3 Hz, and 
the point of maximum amplitude occurred approximately one-fifth of the way through 
the duration of each note (21.6% + 26.3%). Coefficient of variation was approximately 
20% between individuals and ranged between 11-26% within individuals for note length. 
For internote interval the coefficient of variation was approximately 25% between 
individuals and ranged between 16-31% within individuals. Coefficient of variation for 
number of notes per call was 27% between individuals and ranged from 19-55% within  
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Table 1.2 Boatwhistle call parameters from original recordings of Sanopus astrifer. Fish 3 represents a dataset of calls from a recording 
of multiple individuals that could not be identified and separated, but was consolidated as one individual for analysis. Species mean and 
range was calculated from the data of all individuals recorded, and Mean + SD is also reported for each individual S. astrifer. Estimated 
number of notes per minute (Estimated Notes per Minute) were calculated by multiplying the mean call rate (calls/min) by the mean 
number of notes per call in order to get a mean number of notes per minute for each species. An estimate of total muscle contraction 
time produced per minute of calling behavior (Muscle Contraction Time) was then calculated by multiplying the mean number of notes 
per minute by the mean note length for each species. Dominant frequency was measured as the frequency containing the highest average 
power over an entire call, and fundamental frequency was measured as the lowest frequency component of the tonal sound including all 
notes in a call. 
 
 
Species Mean (Range) n Fish 1 n Fish 2 n Fish 3 n 
# Pulses 3.6 (1-7) 502 4.4 + 1.1 140 3.3 + 1.0 326 3.6 + 1.2 36 
Pulse Length (ms) 242 (175-406) 1801 232 + 36 612 249 + 25 1061 234 + 37 128 
Pulse Interval (ms) 172 (91-420) 1299 167 + 24 472 176 + 22 735 188 + 24 90 
Call Length (s) 1.32 (.01-2.92) 499 1.61 + .45 140 1.19 + .44 326 1.41 + .42 33 
Call Interval (s) 11.78 (967-106.83) 464 19.09 + 19.65 139 8.7 + 4.35 325 N/A * 
Call Rate (calls/min) 4.9 94 3.0 + 2.1 139 6.8 + 1.8 324 N/A * 
Estimated Pulses per minute 17.7 2 13.2 1 22.0 1 N/A * 
Muscle Contraction  (s/min) 4.28 2 3.06 1 5.48 1 N/A * 
Dominant Frequency (Hz) 220.7 + 60 (107.7-355.3) 48 206.6 + 13 16 214.6 + 3 16 240.9  + 102 16 
Fundamental Frequency (Hz) 109.7 + 5 (96.9-118.4) 48 107 + 3 16 107.7 + 0 16 114.4 + 5 16 
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Table 1.3 Boatwhistle call parameters from field recordings of Batrachoides gilberti. Species mean and range was calculated from the data 
of all individuals recorded, and Mean + SD is also reported for each individual B. gilberti. Estimated number of notes per minute 
(Estimated Notes per Minute) were calculated by multiplying the mean call rate (calls/min) by the mean number of notes per call in 
order to get a mean number of notes per minute for each species. An estimate of total muscle contraction time produced per minute of 
calling behavior (Muscle Contraction Time) was then calculated by multiplying the mean number of notes per minute by the mean note 
length for each species. Dominant frequency was measured as the frequency containing the highest amount of sound energy including all 
notes in a call, and fundamental frequency was measured as the lowest frequency component of the tonal sound, including all notes in a 
call. B. gilberti temporal parameters are not to be used for interspecific comparison due to differences in recorder accuracy. 
26 
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Species Mean 
(Range) 
n Fish 1 n 
Fish 
2 
n Fish 3 n Fish 4 n Fish 5 n Fish 6 n 
# Notes 2.9 (1-5) 388 
2.8 + 
.7 
25
7 
2.9 + 
0.8 
83 
2.9 + 
0.9 
48 
2.7 + 
0.5 
69 
2.8 + 
0.9 
74 
2.6 + 
0.7 
59 
Note Length (ms) ~331 (201-899) 
111
1 
~308 
+ 34 
22
2 
~334 
+ 43 
20
6 
~435 
+ 11 
12
9 
~305 
+ 35 
19
8 
~343 
+ 37 
18
6 
~298 
+ 34 
17
0 
Internote Interval (ms) ~200 (122-655) 723 
~196 
+ 49 
15
2 
~219 
+ 35 
13
7 
~217 
+ 40 
81 
~186 
+ 58 
13
0 
~199 
+ 56 
11
2 
~188 
+ 46 
11
1 
Call Length (s) ~1.33 (.33-2.71) 388 
~1.41 
+ .32 
70 
~1.4
3 + 
.44 
69 
~1.54 
+ .35 
48 
~1.25 
+ .33 
68 
~1.16 
+ .38 
74 
~1.21 
+ .42 
59 
Intercall Interval (s) ~20.77 (2.8-164.93) 384 
~13.2
6 + 
6.72 
69 
~25 
+ 
11.4
2 
69 
~41.7
4 + 
37.61 
47 
~20.4
1 + 15 
68 
~12.1
6 + 
9.86 
73 
~18.5
9 + 
11.29 
58 
Call Rate (calls/min) 3.2 188 4.8 
55 
mi
n 
2.2 88 1.5 33 2.9 24 4.6 16 3.1 19 
Estimated Notes per Minute 9.1 6 13.3 1 6.2 1 4.3 1 7.9 1 12.8 1 8.1 1 
Muscle Contraction Time  
(s/min) 
~3.01 6 ~4.10 1 
~2.0
7 
1 ~1.85 1 ~2.41 1 ~4.38 1 ~2.40 1 
Dominant Frequency (Hz) 
314.8 + 145  
(161.5-581.4) 
96 
405.1 
+ 147 
16 
522.
2 + 
25 
16 
391.7 
+ 5 
16 
190.4 
+ 9 
16 
187.7 
+ 9 
16 
191.8 
+ 4 
16 
Fundamental Frequency (Hz) 96.2 + 3 (75.4-96.9) 96 
96.9 + 
0 
16 
96.2 
+ 3 
16 
96.9 + 
0 
16 
95.6 + 
4 
16 
94.9 + 
6 
16 
96.9 + 
0 
16 
Table 1.3, continued 
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individuals, and was 30% between individuals for call length, ranging from 22-35% within 
individuals. A representative spectrogram and waveform of B. gilberti’s boatwhistle call is 
shown in Figure 1.6. 
Species Comparison 
The range of notes produced per call overlapped between the Belize species. 
However, the mean number of notes per boatwhistle call significantly differed between 
them (Wilcoxon signed-ranks test, p = .0282); Sanopus astrifer produced more notes per 
call than Batrachoides gilberti. Interspecific comparisons of other call parameters were 
not completed since temporal parameters for B. gilberti were recorded using a digital 
camera causing a difference in introduced error compared to S. astrifer, which was 
recorded with a hydrophone system.  
Coefficient of variation values indicated that B. gilberti individuals produced more 
variation in boatwhistle note length and internote interval than individuals of S. astrifer. 
Both species showed more variation in number of notes per call and call length than in 
other call parameters, but did not differ greatly in the amount of variation produced in 
these boatwhistle call parameters between species. 
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Figure 1.6 Representative boatwhistle call of Batrachoides gilberti. (a) Spectrogram (Hz). 
Parameter measurements: NL; note length, II; internote interval, FM; frequency measurements, 
CL; call length. (b) Waveform (relative amplitude), bar indicates the note shown in part c. (c) 
Close up of  note waveform (Hamming window, 1973 samples, Filter Bandwidth 29.1 Hz) 
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DISCUSSION 
Toadfishes are well known for their acoustic behavior, although (prior to the 
data presented herein) only 8% (6/79) of the world’s Batrachoididae species have had 
their sounds described. Toadfish often occur in accessible habitats and their high 
amplitude boatwhistle calls are easily recorded. The loud and simple sounds produced 
by toadfishes make them an ideal group for passive acoustic monitoring (Fine and 
Thorson 2008); a non-destructive method of data collection involving the recording and 
analysis of underwater sounds (Lobel 2002, Rountree et al. 2006, Luczkovich et al. 
2008). Toadfish are also distributed worldwide in riverine, brackish, and marine habitats 
(Greenfield et al. 2008) making them an excellent group in which to investigate 
differences in sound production among varying environments.  
The Oyster toadfish, Opsanus tau, is a model organism for neurobiology research 
(see Bass and McKibben 2003 for a review), and muscle physiology research since it 
possesses the fastest vertebrate muscle known (Rome 2006). The importance of O. tau 
in scientific study suggests that exploring the vocal capabilities of other toadfish species 
will be valuable. Different toadfish species could reveal novel morphological abilities for 
sound production and provide data that could expand the physiological and behavioral 
research currently focused on O. tau. Moreover, O. tau undergoes a seasonal migration 
between water depths and has an annual cycle of calling influenced by water 
temperatures (Fine 1978). If other toadfish species show similar behavior, then the 
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practicality for using acoustic monitoring to assess impacts of climate change on these 
fishes could be feasible. 
The boatwhistle calls of the Belize toadfish species, Sanopus astrifer and 
Batrachoides gilberti, showed both differences and similarities with the toadfish species 
boatwhistle sounds reported in the literature (Table 1.1). Both Belize species produced 
multiple-note boatwhistle calls with S. astrifer producing significantly more notes per call. 
S. astrifer produced up to 7 notes, the highest number of notes per call of any toadfish 
species reported. The Gulf toadfish, Opsanus beta, is similar to the Belize species in that 
it also produces a multiple-note boatwhistle call (1-5 notes), but differs in that it 
produces grunts preceding the tonal portion (Fine et al. 1977). All other toadfish species 
with described sounds produce single-note boatwhistle calls. Similar to O. tau, H. 
didactylus, and O. beta, the Belize species produce a short note length of a few hundred 
milliseconds. Both S. astrifer and B. gilberti also begin their notes with a grunt-like, 
broadband portion that precedes the tonal portion; a call characteristic that is shared by 
H. didactylus, O. beta, and O. phobetron. The call length of the Belize species boatwhistle 
calls falls within the range of other species reported, but intercall intervals are much 
longer. It was noted by Rice and Bass (2009) that the species H. didactylus and O. 
phobetron do not show distinct amplitude modulation in their calls and S. astrifer and B. 
gilberti showed similar amplitude envelope shape, indicating neither a clear increase nor 
decrease of amplitude throughout each note or call. Although the function of the 
boatwhistle call is unknown in S. astrifer and B. gilberti, it is likely analogous to the 
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advertisement function in other toadfish species. The observed behavior of recorded 
fish remaining in or at the entrance of a shelter while calling supports this suggestion. 
The mean calling rate of Sanopus astrifer and Batrachoides gilberti was similar to 
that of O. beta, the only other species that produces a multiple-note call. In contrast, the 
calling rate of O. tau, a species with a single-note call, is 3 to 4 times that of most other 
toadfish species. However, when calling rate was used to estimate number of notes 
produced per minute, S. astrifer produced 2-3 times more notes/min than O. tau and B. 
gilberti, and had a greater mean muscle contraction time per minute of calling (Table 
1.1). Although the temporal measurements for the boatwhistle call of B. gilberti are not 
entirely accurate, the muscle contraction time per minute of calling for B. gilberti is 
indeed closer to the lower value produced by O. tau since digital cameras were shown 
to cause overestimation of measurements. Estimates of O. beta’s muscle contraction 
time per minute of calling is even greater than S. astrifer’s since O. beta produces fewer 
notes per minute but has a longer note length. It appears that both S. astrifer and O. beta 
have high sonic muscle endurance during calling behavior, contracting their muscles for 
greater lengths of total time, compared to other reported species. O. tau is known to 
have the fastest vertebrate muscle measured, and detailed study of its sonic muscle 
indicates that it is highly specialized to accomplish the high frequency contractions and 
relaxations necessary to produce the boatwhistle call (Rome 2006). However, O. tau’s 
calling rate appears to be constrained by muscle fatigue (Mitchell et al. 2008). Our 
results for mean muscle contraction time per minute suggest that the sonic muscle of S. 
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astrifer and O. beta could be further specialized to have greater endurance than the sonic 
muscle of O. tau; research on these species to determine how this is accomplished could 
prove interesting. 
Diversity of Calling Behavior 
Diversity is present in the boatwhistle calls among the small number of toadfish 
species that have had their sounds described, yet it is uncertain what factors influence 
these variations. Phylogenetic relationship, morphology of the swimbladder, and 
evolutionary processes such as genetic drift, selection and adaptation are factors that 
could have contributed to differences between toadfish species sounds, and they are 
discussed here. 
Phylogenetic Relationship 
 At the level of genera, toadfish sound production is inconsistent in 
number of notes per boatwhistle call. In the genus Opsanus, Opsanus tau and Opsanus 
phobetron produce a single-note boatwhistle call, while Opsanus beta produces a 
multiple-note call. A maximum likelihood tree created by Rice and Bass (2009) indicates 
point of maximum amplitude in a single boatwhistle note may follow a phylogenetic 
pattern. The basal species, Batrachomoeus trispinosus and Halobatrachus didactylus, 
generate a point of maximum amplitude later within each note compared to the more 
derived species O. beta and O. tau. Sanopus astrifer and Batrachoides gilberti follow this 
pattern, being more derived and having points of maximum amplitude that occur halfway 
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and a fifth of the way through the duration of each note, respectively. B. gilberti’s point of 
maximum amplitude occurs earlier than S. astrifer’s, similar to the point of maximum 
amplitude shown by Opsanus species (Rice and Bass 2009). The genus Batrachoides is 
more closely related to Opsanus than to Sanopus based upon character consensus trees 
developed by Greenfield et al. (2008); the similarity in point of maximum amplitude 
between B. gilberti and the Opsanus species could be due in part to this relationship. 
Only one species from each genus with available sound recordings has had their sounds 
described: Batrachomoeus (B. trispinosus), Halobatrachus (H. didactylus), Sanopus (S. 
astrifer), Batrachoides (B. gilberti), and Porichthys (P. notatus), with the exception of the 
genus Opsanus (O. beta, O. phobetron, and O. tau). Additional species sounds need to be 
analyzed in order to develop a more clear understanding of how boatwhistle call 
characteristics are associated with phylogenetic relationship.  
Morphology of the Swimbladder 
The morphology of the toadfish sound production mechanism, specifically the 
swimbladder and sonic muscles, has been described in detail for Opsanus tau (Skoglund 
1961, Barimo and Fine 1998), Halobratrachus didactylus (dos Santos et al. 2000), Porichthys 
notatus (Bass and Marchaterre 1989), and Batrachomoeus trispinosus (Rice and Bass 2009). 
All species have a bi-lobed swimbladder with the sonic muscle covering the external 
lateral surface of the lobes. However, structure of the swimbladder appears to vary 
among clades. B. trispinosus has completely separate lobes (Rice and Bass 2009) and H. 
didactylus has well-separated lobes connected by a duct (dos Santos et al. 2000). The 
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lobes of these two basal species are asymmetrical and the sonic muscle on each lobe is 
thought to be under independent control. This is hypothesized to provide the ability for 
greater complexity in sound production than in other toadfishes (dos Santos et al. 2000, 
Rice et al. 2011). In contrast, the swimbladder of O. tau, O. beta, B. gilberti, and P. notatus 
are described as a single heart-shaped bladder, the two lobes symmetrical and essentially 
joined, yet separated internally by a column of tissue (Tower 1908, Fange and 
Wittenberg 1958, Collette and Russo 1981, Bass and Baker 1991). Observation of S. 
astrifer indicated that this species also possesses a single, symmetrical, heart-shaped 
swimbladder. Other species have not been examined in detail but it was noted that 
many toadfishes appear to have similar gross morphology of the swimbladder and sonic 
muscles to that of O. tau (Collette and Greenfield Pers. Comm.).  
The asymmetrical swimbladder of H. didactylus and B. trispinosus may affect sound 
production, as mentioned above. However, there are also differences in boatwhistles 
between species that share a similar heart-shaped swimbladder (e.g., S. astrifer, O. tau, 
and P. notatus), indicating that differences in the sounds do not necessarily follow 
swimbladder morphology.  Further morphological examinations and sound descriptions 
of toadfish species are needed to clarify the relation of swimbladder morphology to 
sound production. It is possible that swimbladder morphology in toadfishes contributes 
to the diversity of acoustic calls in the Batrachoididae, as is also hypothesized for the 
sonic fishes of the family Sciaenidae (Ramcharitar et al. 2006). Although, current data 
indicate that morphology is not the only determining factor. 
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Evolutionary Processes 
It is probable that evolutionary processes influenced the boatwhistle calls of 
toadfishes. Male toadfish use the boatwhistle call to attract females to their nest for 
reproduction. This reproductive advertisement function positions the boatwhistle call to 
facilitate species recognition and to act as a behavioral barrier to hybridization. 
Moreover, behavioral acoustic playback studies have shown that call parameters such as 
duration and frequency are important for conspecific call recognition in O. tau and P. 
notatus, and affect competitive and phonotaxis response (Winn 1972, Fine et al. 1977, 
McKibben and Bass 1998). In addition, sufficient variance exists in toadfish vocalizations 
to permit individual recognition (Thorson and Fine 2002a, Thorson and Fine 2002b, 
Amorim and Vasconcelos 2006, Amorim and Vasconcelos 2008), and call parameters in 
H. didactylus correlate with measures that may indicate male quality (Amorim et al. 
2010). This suggests that boatwhistle calls could also play a role in mate choice and that 
call parameters may be influenced by sexual selection pressures as well. Although 
existing differences in toadfish calls could have been affected by previous selective 
pressures that occurred when species existed in sympatry (Fine et al. 1977), it was not 
likely a significant factor in the evolution of call differences between species since 
toadfishes are believed to have experienced mainly allopatric speciation (Walters and 
Robins 1961, Avise et al. 1987, Freshwater et al. 2000). 
Toadfishes are anticipated to exhibit low levels of larval dispersal due to 
demersal eggs, direct development of larvae, and lack of a pelagic phase. Therefore, 
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toadfish life history is also likely to result in low levels of genetic exchange between 
populations (Fine 1978, Greenfield et al. 2008). In support of this hypothesis, Opsanus 
tau inhabits a broad range occurring along the east coast of the United States from 
Massachusetts to Florida, but exhibits low genetic interconnectedness between 
populations, and genetic clades are geographically localized (Avise et al. 1987). Opsanus 
beta was also found to exhibit significant genetic population structure between Florida 
and Mississippi/Louisiana populations, and the level of genetic divergence between the 
Opsanus populations was comparable or greater than that found between geographically 
restricted populations of freshwater fishes (Avise et al. 1987). Additionally, it appears 
that a multitude of toadfish species have a limited geographic distribution, supporting the 
idea of low dispersal (Greenfield et al. 2008). If acoustic behavior in toadfishes is 
influenced by genetics, low levels of genetic mixing could have contributed to differences 
in sound production between populations and species through genetic drift. Genetic 
basis of acoustic signals has been discovered in insects (De Winter 1995), and there is 
substantial evidence for the occurrence in birds (Slabbekoorn and Smith 2002), but it is 
not well studied in fishes. However, boatwhistle call duration varies randomly among 
the different populations of O. tau throughout its range, and genetic drift has been 
hypothesized to explain the lack of a geographic pattern in call differences (Fine 1978). 
Lastly, differences in toadfish calling could have evolved through adaptations to 
differing environmental factors. The environments in which toadfishes occur differ in 
characteristics such as acoustic landscape and habitat complexity, and these 
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characteristics often affect acoustic communication. It is possible for example, that many 
toadfishes in tropical habitats have adapted to higher ambient sound levels and higher 
habitat complexity, due to the coral reef environment in which they occur. The toadfish 
boatwhistle call is an advertisement call used to attract females to a male’s nest for 
reproduction. Thus, it is critical that females receive the signal. In this instance it would 
be expected that the boatwhistle call would evolve to maximize the ability of the male 
to signal the female. In contrast, data for O. tau show a mismatch between the 
frequencies of greatest hearing sensitivity and frequency of boatwhistle calls (Fine 1981), 
and limited propagation of the low frequency call in shallow toadfish habitats (Fine and 
Lenhardt 1983). These findings indicate that O. tau likely communicate only short 
distances. Therefore, the boatwhistle call may not maximize frequency spectrum or 
signal distance due to an acoustic system adapted for short-range communication. 
However, this does not preclude other call parameters from maximizing signaling 
potential once a female is within range.  
Multiple notes in a boatwhistle call may increase the chance of signal reception in 
an environment with high ambient noise. Birds have been shown to increase the 
redundancy of their signals, and thus the probability of signal reception, by increasing the 
number of syllables in a call when faced with increased background noise (Brumm et al. 
2004). Multiple notes, or syllables, in toadfish boatwhistle calls do not appear to differ 
from each other, suggesting redundancy of a signal and not additional information within 
each note. Thus, toadfishes that produce multiple notes per call may be increasing the 
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redundancy of their calls in order to maximize the probability of female reception in 
habitats with higher background noise levels. Toadfish with multiple notes per call 
produce a range of number of notes, and can vary the number from call to call (e.g., 
Sanopus astrifer ranges between 1-7 notes per call). Whether toadfish vary the number 
of notes per call in response to changing background noise levels remains to be tested. 
Nevertheless, certain toadfish species may have evolved a boatwhistle call with multiple 
notes in order to increase the probability of a female receiving the signal in a noisier 
environment, even if the behavior is not adaptively plastic.  
The broadband portion of a boatwhistle call may also function to facilitate call 
localization, providing another advantage in a noisy or complex environment. Five 
toadfish species begin the boatwhistle call with a broadband grunt-like portion (S. 
astrifer, B. gilberti, H. didactylus, Amorim et al. 2006; O. beta, Thorson and Fine 2002; O. 
phobetron, Fine et al. 1977), and in multiple-note calls each note also begins with this 
grunt-like sound. This broadband portion could be the result of physiological or 
anatomical constraints of the muscle causing slow and irregular contractions (Fine and 
Thorson 2008). However, the broadband portion is not found in the boatwhistle call of 
all toadfish species, and does not follow differences in swimbladder morphology (e.g., 
both H. didactylus and O. beta produce grunt-like portions of the boatwhistle, but have 
differing swimbladder morphology). Broadband sounds are known to facilitate 
localization of a sound source better than tonal sounds (Ryan and Brenowitz 1985); 
consequently, this element of toadfish boatwhistle calls could be used as an aid for 
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female localization of calling males. Females are attracted to a male’s nest by his call and 
an increase in number of notes with a broadband portion could make it easier to locate 
a calling male. The multiple notes of some toadfish species calls could potentially provide 
an advantage for localization in more complex habitats.  Acoustic phonotaxis 
experiments could be used to investigate whether the addition or removal of broadband 
portions of a call and/or notes has an effect on toadfish localization ability. 
The significant disadvantage of toadfish males producing calls that are more likely 
to be intercepted and localized by females is that the calls are more likely to alert and 
attract predators as well. Bottlenose dolphins were shown to orient toward Opsanus 
beta calls and to have a high proportion of soniferous fish in their diet (Gannon et al. 
2005). In conjunction, O. beta showed reduced calling and increased levels of stress 
hormones when dolphin ‘pops’ were heard in the vicinity (Remage-Healey et al. 2006), 
and similar results were shown for silver perch (Luczkovich et al. 2000).  This reduced 
calling behavior in the presence of predators was termed “acoustic avoidance”.  Fishes 
occurring in loud and complex habitats may have more difficulty with acoustic signal 
reception and localization, but this type of habitat could also provide greater refuge 
from predators. Other marine fishes and invertebrates exhibit differences in behavioral 
response to predation risk with varying habitat complexity and varying predation 
pressure (Orpwood et al. 2008, Smee and Weissburg 2008). Increased habitat 
complexity has also been shown to decrease piscivore predation success on coral reefs 
in some cases (Beukers and Jones 1997). If increased habitat complexity for toadfishes 
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causes obstacles to signal reception and localization , but also decreases predation risk 
and predation pressure, these fishes may have evolved boatwhistle calls that display less 
“acoustic avoidance”, or a greater number of notes and broadband portions resulting in 
a higher chance of signal reception and successful signal localization. It is possible that 
these toadfishes can produce calls that are more easily received and localized by females 
due to a habitat that provides greater protection from predators.  
Conclusion 
The boatwhistle calls of Sanopus astrifer and Batrachoides gilberti differ from each 
other by the number of notes produced per call, and show similarities and differences 
from other toadfish species sounds described in the literature. Differences in calling 
exist among the small number of currently described Batrachoididae species but it is 
unclear which factors primarily influence these differences, and it is likely a combination 
of many of the factors discussed. Boatwhistle recordings from additional toadfish species 
are needed and would allow wider comparisons and better definition of the diversity 
present in the vocalizations of toadfishes. Further investigation into the differences in 
acoustic behavior between species, and the factors which influence those differences, 
would potentially yield a wealth of information on the topic of evolution of boatwhistle 
calls, the evolution of the swimbladder-sonic muscle sound mechanism, and possibly 
environmental and behavioral factors that influence differences in calling between 
species and intraspecific individuals. 
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Chapter 2: Convenient Fish Acoustic Data Collection in the Digital Age2 
Abstract 
Point-and-shoot digital cameras are affordable, and user friendly. Furthermore, 
underwater housings are available for many models making these convenient accessories 
for divers. We tested the capability of these cameras for recording underwater sounds. 
Four cameras made by three major companies (Canon, Sony, Olympus) were evaluated. 
The cameras were compared to a professional hydrophone system and a recreational 
underwater microphone using simultaneous recordings during controlled playback of 
synthetic sounds. The test sounds were used to determine the accuracy of the cameras 
for recording frequency, amplitude and temporal characteristics.  Results indicated that 
the cameras vary in their ability to record accurate underwater sounds. The cameras 
were limited in their detectable frequency spectra (4-10 kHz) compared to the 
underwater microphone and hydrophone system (16.5 kHz), but accurately represented 
the frequency of sounds within their range. The cameras also had a lower sensitivity to 
sound amplitude and were less accurate at recording temporal characteristics of sounds. 
In addition, the air contained within an underwater housing was shown to substantially 
decrease the amplitude of a recording. Digital cameras can be used for the recording of 
loud sounds known to be within frequency range of the camera, and for the gross 
description of temporal patterning. However, a hydrophone is still the best tool for 
accurate underwater recordings and is necessary for comprehensive scientific 
description of sounds. 
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Introduction 
Sound travels 4.5 times faster in seawater than in air (Giancoli 2000) and can 
convey information in situations in which visual or chemical cues are ineffective, such as 
in darkness or in turbid water. Many aquatic vertebrates utilize acoustic signals for 
communication. Fishes produce sounds for many reasons including feeding, aggression, 
competition, and reproduction. The study of fish sounds is important because filed 
monitoring can provide information about the species identity, geographic range, health, 
and behavior of calling individuals. These data can be collected without visual 
confirmation or observation if species-specific sounds and associated behaviors are 
known. 
Fish sounds are characterized by the acoustic parameters of frequency, 
amplitude, and temporal (timing) measurements. These measures can be used to define 
and compare sounds of different species and individuals. Hydrophones have been the 
standard equipment used to take scientific recordings of underwater sounds. These 
systems have historically been very expensive and custom-made. In contrast, compact 
point-and-shoot digital cameras are affordable and becoming more advanced. If 
expensive hydrophone systems could be replaced with consumer electronics without a 
loss of quality and necessary detail in underwater recordings, the cost of underwater 
acoustic research could be greatly reduced and the amount of underwater acoustic data 
substantially increased. 
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The goal of this study was to evaluate the capability of point-and-shoot digital 
cameras to record underwater sound, and to determine if they are accurate enough to 
be used as tools for the scientific study of fish sounds. 
 
Methods 
Simultaneous recordings were made of controlled sound playbacks to test the 
capabilities of the cameras. Four digital cameras (Canon Powershot A570IS, Canon 
Powershot SD900, Sony Cybershot DSC-P150 and Olympus Stylus 1030SW), a 
hydrophone system, and a recreational underwater microphone system were used for 
comparison (Figure 2.1). All of these recording systems had automatic gain control and 
adjusted the sensitivity of the microphone based upon the amplitude of the sound. The 
volume of the experimental tank was approximately 1892 liters and filled with salt water 
(35 ppt, 19.17ºC). Water depth was 103 cm and the underwater speaker was placed 
mid-depth at 48 cm. A Clark Synthesis (229F) underwater speaker (response range of 5-
200 kHz) and amplifier were used to play the sounds. Cameras were held underwater 
with microphones facing the speaker at a depth of 15 cm and a distance of 1.8 m from 
the speaker. Test sounds were created using a Digital Function Generator from Digital 
Recordings (http://www.digital-recordings.com/www-dfg/www-dfg-products.html) and 
varied in frequency, amplitude, and temporal parameters.  
 
  
Figure 2.1 Recording systems evaluated
 
 
Frequency Trials 
Frequency accuracy was
500, 1000, 5000, 6000, 7000, and 10,000 Hz) and a 5 s frequency sweep ranging from 
100-10,000 Hz. Spectrograms from the recordings of each system were compared to 
the known frequency of the source sig
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nal to determine the accuracy of frequency 
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representation for each system. Spectrograms and selection spectra were also examined 
to determine upper detectable frequency limits for each recording system. 
Amplitude Trials 
Amplitude accuracy was evaluated using a 5 s amplitude sweep ranging from -80 
to 0 relative decibels at a frequency of 300 Hz. Oscillograms of the simultaneous 
recordings from each system were compared to determine the relative recording 
amplitude for each system. Referenced sound pressure levels of test sounds were not 
measured in this study. 
  
  
Figure 2.2 Spectrograms and Oscillograms: This is an oscillograms and spectrogram of the 
boatwhistle call of the toadfish 
presenting the waveform and amplitude of the sound over time, X
axis is Amplitude. The lower figure is a plot of the sounds’ frequency over time, X
(sec) and the Y-axis is Frequency (kHz). The amount of energy present in each f
represented by the intensity of the color. The brighter the color, the more energy is present in 
the sound at that frequency.
 
Temporal Trials 
Temporal accuracy was determined using four consecutive pulses of 0.1, 0.3, and 
0.5 s in length, at a frequency of 300 Hz, each separated by a second of silence. Pulse 
length measurements were made from oscillograms, including and excluding 
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reverberation and then compared to the known source signal length to determine the 
temporal accuracy of each system. 
Oscillograms and spectrograms of the recordings for each trial were analyzed 
using Raven v. 1.2.1 (Cornell Lab of Ornithology). An explanation of spectrograms and 
oscillograms can be found in Figure 2.2. 
Effect of the Housing 
The Olympus Stylus 1030SW camera is waterproof without a housing to a depth 
of 10 m. Additionally, a housing is available (Olympus PT-043) that allows the camera to 
be used down to a depth of 40 m. We were able to determine the effect of the housing 
on recordings by using two of these cameras simultaneously. The Olympus 1030SW was 
included in all recording trials both within and without a housing. 
A second recording trial was conducted with the Olympus 1030SW without a 
housing and within a flooded housing to determine if effects were caused by the air 
contained within the housing, or the housing materials themselves. Lack of redundant 
equipment prevented the simultaneous test of all three housing treatments (without a 
housing, within a housing, and within a flooded housing). Test sounds in this trial 
consisted of a 0.5 second 1,000 Hz tone and an amplitude sweep of -80 to 0 relative 
decibels at 300 Hz. 
  
Oscillograms and spectrograms were compared to identify effects of the housing 
on frequency, amplitude and temporal timing of the recordi
Figure 2.3 Electronic noise created by the camera systems themselves. Frequency of the noise 
varied widely between cameras so the spectrograms are not at the same scale. Y
frequency (kHz), X-axis indicates time in seconds. The brighter 
the more energy is present in the sound at that specific frequency.
Results 
Inherent Electronic Noise
Many of the systems produced inherent electronic noise that infringed on all 
recordings (Figure 2.3). The Canon A570IS was the noisiest, producing the highest 
amplitude noise at 3 kHz, and the lower intensity noise at 100 Hz intervals from 0
kHz. The Sony PC-120 in the Mako housing was the next noisiest system, but produced 
mainly high frequency noise at 8, 16 and 16.5 kHz. The Canon SD900 produced low 
frequency noise (300 Hz) and the Sony Cybershot DSC
noise (7.6 kHz) at similar levels, but both lower than the above mentioned systems. 
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They hydrophone and the Olympus 1030SW were the quietest recording systems and 
did not appear to produce inherent noise. 
The hydrophone, underwater microphone, Olympus 1030SW without a housing, 
and the Sony Cybershot DSC-P150 did detect considerable noise in lower frequencies. 
However, this noise was due to ambient sound from aquarium pumps and filters present 
in the experimental room. This was verified by completing 10 second recordings of 
ambient noise in a different room using the Olympus 1030SW without a housing, the 
Sony PC-120 in the Mako housing, the Sony Cybershot DSC-P150 within a housing 
(MPK-PHB), and the Hydrophone (in water). The signals present on the ambient noise 
recordings differed from the trial recordings, indicating that the noise was due to 
external sources and not from the cameras themselves. 
Frequency Bandwidth 
Frequency bandwidth, or the range of frequencies, detected by the cameras was 
lower than that of the hydrophone (Figure 2.4). The hydrophone system was capable of 
recording frequencies up to 16.5 kHz while the Olympus camera was capable of 
recording the lowest frequency bandwidth of 4 kHz. The Sony Cybershot DSC-P150 
had the best frequency range of the digital cameras, and was able to record sounds up 
to 10 kHz, almost twice as high as the next best range of 5.5 kHz from the Canon 
cameras. 
  
  
Figure 2.4 Frequency bandwidth of the recording systems differed. The upper limit of 
detectable sound frequency ranges was highest a
microphone, and lowest at 4 kHz for the Olympus 1030SW.
Frequency Trials 
Frequency trials indicated that each of the cameras could accurately record 
frequency parameters within their respective range. In most 
detectable limits was not represented in the recordings. However, the Canon cameras 
created a sound artifact when recording sounds of frequency higher than their 5.5 kHz 
limit. Frequency tones higher than the limit were represented
were lower than the source signal (Figure 2.5). This was likely due to a phenomenon 
called digital aliasing, which occurs when a frequency is more than half of the sampling 
rate of the recorder. In this situation, the sampling rat
describe the frequency, and causes it to appear different than the source signal. The 
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cameras that did not show this artifact may have built
sampling rate to deal with this problem.
 
Figure 2.5 Canon cameras created a sound artifact for frequencies above their upper 
detectable limit of 5.5 kHz. This was likely due to digital aliasing stemming from an insufficient 
sampling rate. 
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Figure 2.6 Variable amplitude of recordings. The hydroph
detected higher levels of background noise than the digital cameras. However, the less sensitive 
cameras have a higher amplitude threshold and would not be ideal for detecting quiet sounds. 
The Y-axis is relative amplitude, th
scale. 
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Amplitude Trials 
Amplitude trial results revealed variation in the microphone sensitivity between 
systems. The hydrophone and underwater microphone were the most sensitive 
recorders. Of the digital cameras, the Sony Cybershot had the highest amplitude 
recording while the Olympus 1030SW in a housing had the lowest (Figure 2.6). The 
hydrophone and underwater microphone systems also recorded higher levels of 
background noise than the digital cameras. However, the cameras, being less sensitive 
recorders, have a higher amplitude threshold for sound detection. Sounds must be 
louder for the cameras to detect them; therefore these systems may not be appropriate 
for recording low amplitude sounds.  
Temporal Trials 
Temporal trial results (Table 2.1) indicated that measurements excluding 
reverberation were more accurate than those including reverberation, regardless of the 
recording system used. Average overestimation with reverberation was 137 ms, and 52 
ms without. Reverberation was often easier to distinguish in recordings from the 
hydrophone and underwater microphone compared to the digital cameras because the 
waveform was more clearly represented (Figure 2.7). Clarity of the waveform allows for 
better differentiation between source signal, reverberation (see Figure 2.8 for an 
example of reverberation) and background noise. 
  
This was also evident in results indicating that the hydrophone and underwater 
microphone recordings were more accurate for measurements excluding reverberation 
than most of the digital camera recordings (Table 2.1
measuring temporal sound characteristics was not necessarily related to the camera 
company because the accuracy ranking of the Canon cameras was not alike. The 
hydrophone provided the most accurate measurements of temporal charac
Table 2.1 Temporal trial pulse length measurements and accuracy ranking. Error values shown 
are the average seconds of over or underestimation of the source sound over all pulse length 
trials. Overall average error was less for measurements exc
hydrophone system was capable of the most accurate recordings.
Effect of the Underwater Housing
The effect of the underwater housing was most evident in the amplitude of 
recordings. The housing attenuated, or reduced, the sound energy reaching the camera 
microphone by over half (Figure 2.9A). However, the housing had no effect on the 
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accuracy of frequency measurements. In temporal trials the housing attenuated some of 
the reverberation when measuring pulse length including reverberation, although, the 
waveform was clearer in recordings from the camera without a housing. Consequently, 
the camera without a housing had better accuracy when taking measurements excluding 
reverberation, and thus overall better temporal accuracy. 
The additional test of a flooded housing revealed no attenuation of amplitude 
compared to the camera without a housing (Figure 2.9B), indicating that the majority of 
the attenuation is due to the air contained within the housing and not the housing 
materials themselves. However, the housing materials did decrease the amount of low 
amplitude sound recorded by the camera, shortening the length of the recorded 
amplitude sweep. 
 
Discussion 
The use of point-and-shoot digital cameras for the recording and scientific study 
of underwater sounds has some drawbacks: 
The digital cameras tested were limited in the frequency range they could detect  
This is an impediment when recording sounds of unknown frequency and 
amplitude, such as during exploratory underwater recordings. Sounds that are above the 
upper frequency limit of the camera go undetected or are recreated at an incorrect 
  
Figure 2.7 Sound waveform and reverberation. Clarity of the waveform varies between cameras, but is generally more easily 
distinguished in recordings made with the hydrophone and underwater microphone. The higher clarity of waveform for the hydrop
and underwater microphone is evident in more accurate measurements excluding reverberation from recordings by these systems.
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frequency due to digital aliasing. Aliasing is a confounding factor because sounds present 
on the recording at incorrect frequencies could mistakenly be assumed to be the actual 
frequencies of the sound source. It is necessary to test a camera system before 
recording to determine if it is prone to aliasing. Only Canon cameras were affected by 
this problem out of the three companies tested.  
Even though the cameras had a more limited frequency bandwidth than the 
hydrophone (up to 4 kHz for the Olympus, 5.5 kHz for the Canons, and 10 kHz for the 
Sony Cybershot camera), the range covered by these digital cameras includes the 
frequencies of the majority of fish sounds, most being produced at frequencies less than 
1 kHz (Figure 2.10). 
Sounds must be loud enough to be above a camera’s detection threshold 
The digital cameras were much less sensitive to sound amplitude, or volume, 
than the hydrophone and underwater microphone. This is a considerable deficit for the 
use of digital cameras in the study of fish sounds because many sounds of interest, such 
as the ones made during spawning, are likely to be of low amplitude so that they do not 
attract the attention of predators or competitors (Lobel 2002). As such, they may not 
be loud enough to be detected by these systems. Nevertheless, some fish sounds, such 
as the boatwhistle call made by toadfish, are of high amplitude and are easily recorded 
by these cameras at short distances from the fish. 
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Temporal characteristics are not as accurately recorded as with a hydrophone 
Temporal characteristics are very important in fish sound communication and 
are thought to carry much of the information in a call (Winn 1964). Fish are capable of 
distinguishing differences in fine temporal detail of sounds down to differences of less 
than 1 ms (Wysocki and Ladich 2002) and can use this temporal information for species 
identification (Myrberg and Spires 1972, Marvit and Crawford 2000, Kihslinger and 
Klimley 2002), individual recognition (Marvit and Crawford 2000), and possibly mate 
choice. Therefore, the accurate description of these sound parameters is essential in the 
scientific description of fish sounds, making digital cameras inadequate for this purpose. 
Useful with constraints… 
Digital cameras can be used for the accurate measurement of frequency and for 
the description of the gross temporal patterning of fish sounds, with caveats. These 
caveats include: the lower sensitivity to sound amplitude of these cameras may cause 
quiet sounds or frequencies with little energy to go undetected, and distance to the 
sound source will affect signal level, likely requiring that the camera be very close to the 
source during recording. An additionally drawback of using consumer digital cameras is  
  
Figure 2.8 Clarity of the waveform allows for better differentiation between source signal, 
reverberation and background noise.
 
the inaccessibility of microphone specifications. We were unable to obtain this 
information from the manual or direct contact with the companies for any of the digital 
cameras evaluated. The consequence of this limited information is that all consumer 
cameras used for acoustic research purposes must be rigorously evaluated beforehand 
to determine suitability for a project. Time and equipment constraints may make prior 
evaluation of digital cameras impractical for those interested in using them for research.
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However, if prior evaluation indicates that the frequency of the sound to be 
recorded falls within the range of the camera, and that the sound amplitude is above the 
detection threshold of the camera at the distance during recording, the digital camera 
can be used to gather accurate frequency data. In addition, recordings from these 
cameras are able to provide gross temporal information in the form of count data such 
as number of pulses per call, pulse repetition rate (number of pulses per unit time), and 
call rate (number of calls per unit time) even though they are inaccurate when recording 
the fine temporal detail of sounds.
  
Figure 2.9 Effect of underwater housing on recording amplitude. Oscillograms showing amplitude vs. time for the am
recordings from the Olympus 1030SW camera: (A) without a housing, and within a housing, and (B) without a housing and within 
flooded housing. 
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The recording systems evaluated in this study rank in overall recording 
performance as follows: 1) Hydrophone, 2) Underwater Microphone, 3) Olympus 
1030SW No Housing, 4) Sony Cybershot DSC-P150, 5) Canon SD900, 6) Canon 
A570IS, 7) Olympus 1030SW in a Housing. A summary of the performance rank for 
each system in frequency range, amplitude/sensitivity of recording, and temporal 
accuracy can be found in Table 2.3. The overall ranking takes into account recording 
performance in all three sound parameter areas. However, the appropriateness of a 
system for its proposed use must be considered. For example, the best digital camera 
for recording underwater sound based upon performance in all areas is the Olympus 
1030SW without a housing. However, this camera has a maximum depth of 10 meters. 
For recordings at depths deeper than 10 meters, the best choice would be the Sony 
Cybershot DSC-P150, which can be taken to 40 meters within its housing. 
A hydrophone is necessary for comprehensive scientific study of underwater 
acoustics 
Though digital cameras can be useful for limited types of data collection, the best 
system for recording underwater sound is still the hydrophone. A hydrophone system 
detects the widest range of frequencies making it ideal for exploratory recordings of 
unknown sounds. The hydrophone is also more sensitive to low amplitude sounds, 
which is important for recording quiet sounds such as fishes produce. 
  
  
Table 2.2 Recorder performance rankings. 
recorder, had the highest amplitude recording relative to the other recording s
the least sensitive recorder, had the lowest amplitude recording relative to the other systems. 
Temporal Rank: Rank 1 = the recorder with the lowest average error for measurements 
excluding reverberation. Rank 7 = the recorder with the hig
measurements excluding reverberation.
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Furthermore, the hydrophone provides more accurate temporal data than the 
point-and-shoot digital cameras, which is critical in the scientific description of fish 
sounds. 
In conclusion, digital camera systems can provide underwater recordings to 
acquire frequency and gross temporal data under specific conditions, but a hydrophone 
system is necessary for the comprehensive description of underwater acoustic sounds.
  
Figure 2.10 Fish sound frequency and duration. Many species of sonic fish make sounds within 
the frequency range detected by digital cameras (up to 5,500 and 10,000 Hz), though amplitude 
of these sounds would be a consideration for detection capability. However, based u
frequency, most fish sounds are detectable by the digital camera systems. Data is from a 
literature summary in Amorim 
(1961); Hawkins and Amorim 
Amorim et al. (2006). *Indicates our preliminary data. 
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Chapter 3: Acoustic Courtship Signals Initiate Egg-laying in Isolated 
Tramitichromis intermedius Females: Preliminary Findings 
 
Abstract 
Preliminary results of acoustic playback indicate exposure to male acoustic 
courtship sounds initiates egg-laying behavior in isolated female Tramitichromis 
intermedius, a cichlid fish from Lake Malawi. This is the first demonstration of a male 
courtship call functioning as a reproductive priming signal in a fish, and further study of 
this unique occurrence is warranted. 
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INTRODUCTION 
Males of many taxa expend energy to perform courtship behaviors to attract a 
mate. Courtship behaviors can be comprised of different communication modalities, 
such as visual, olfactory, and acoustic signals, and often occur in combination (multi-
modal). Visual signals generally consist of color patterns and behavioral displays, 
olfactory systems detect chemical reproductive signals such as pheromones, and many 
animals produce acoustic calls or songs. Courtship displays often function to gain the 
attention of a prospective mate and may attract them to a mating site, such as a nest. 
However, courtship signals can also provide other functions such as aiding in female 
mate choice by acting as an honest signal of mate quality (i.e., in birds; Otter et al. 1997, 
Nowicki et al. 2002, in anurans; Rand and Ryan 1981, in mosquitos; Cator et al. 2010, 
and in fish; Myrberg et al. 1986, Amorim and Almada 2005, Amorim et al. 2010, 
Vasconcelos et al. 2012), or by promoting reproductive readiness of mates; often 
termed reproductive priming. 
Reproductive Priming 
Signals that serve a reproductive priming function frequently stimulate and 
promote reproductive readiness in the receiver by initiating hormonal and behavioral 
changes resulting in the final maturation of gametes and ultimately in ovulation (known 
as the “Whitten effect”; Whitten et al. 1968, Koyama 2004, Petrulis 2013) or egg-laying 
in females, and increased sperm production in males (in fishes; Moore and Waring 1996, 
Koyama and Kamimura 2000, Stacey 2003, Scott et al. 2010). These reproductive 
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priming signals occur in many taxa and can be produced by one or both sexes (in 
mammals; Koyama 2004, Petrulis 2013, in birds; Brockway 1967, King and West 1977, 
Bentley et al. 2000, Nakagawa and Waas 2004, in anurans; Lea et al. 2001, and in fishes; 
Kobayashi et al. 2002). The majority of research on signals that produce reproductive 
priming effects has focused mainly on pheromones, or chemical signals, but a priming 
effect can be induced by environmental factors and other signal modalities as well.  
Reproductive priming is advantageous because it synchronizes physiological and 
behavioral reproductive processes in the participating parties, maximizing the likelihood 
of successful reproduction. Synchronization of reproduction is especially important in 
taxa that use a method of external fertilization where proper timing is essential, as is the 
case for many species of fish.  Female fish must spawn soon after ovulation occurs for 
eggs to be viable (Moyle and Cech 2000) and fish must simultaneously, or in quick 
succession, lay and fertilize eggs since they often become unfertilizable within seconds to 
minutes of being laid (Petersen et al. 1992, Hoysak and Liley 2001). Therefore, 
synchronization of mating behaviors is often critical for successful external fertilization 
in fishes. 
Role of Acoustic Signals in Fish Reproduction 
While the role of acoustic signals in reproduction has been well-studied in many 
terrestrial taxa, such as birds, anurans, and mammals (Ryan 1980, Rand and Ryan 1981, 
Searcy and Andersson 1986, Falls 1992, McGregor 1992), slower progress has been 
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made in fishes. Descriptions of fish sounds have greatly increased in the literature within 
the last 40 years, but it is only within the last couple of decades that the behavioral role 
of fish sounds has become a larger focus (Lobel et al. 2010). In the few groups of fishes 
in which reproductive acoustic behavior has been studied, it appears that acoustic calls 
often function as an advertisement signal, indicating mate location, readiness to spawn, 
and possibly mate condition or quality. These advertisement sounds often appear to 
attract gravid females to the male and the mating site (i.e., in toadfish; (Gray and Winn 
1961, Winn 1972, Ibara et al. 1983, McKibben and Bass 1998, Amorim 2006), and 
damselfish; (Myrberg et al. 1986). However, it has not been investigated as to whether 
these sounds also have a reproductive priming effect on female fish. 
Tramitichromis intermedius is a lekking cichlid species from Lake Malawi in which 
males gather in an area to build sand bowers (large mounds of sand with a depression in 
the center), in which they display and mate. When females are ready to spawn they visit 
the lek and are courted by the displaying males. A female chooses a mate and deposits 
her eggs in the bower where they are fertilized by the male. After fertilization, the 
female picks up the eggs in her mouth and leaves to mouth-brood the clutch (Ripley and 
Lobel 2005). It is thought that bower-building cichlids attract females with their bower 
location, size, and shape; their behavioral displays (Stauffer et al. 2002); and their 
accompanying courtship sounds (Lobel 1998, Ripley and Lobel 2004, Ripley and Lobel 
2005). This preliminary study examines whether the male courtship sounds of T. 
intermedius may also function to prime females for spawning.  
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MATERIALS and METHODS 
Male and female Tramitichromis intermedius were maintained in a ~1,892 L 
community aquarium (190.5 x 95.25 x 102.87 cm).  Reproductively mature females were 
identified by a distended abdomen or mouth-brooding of eggs, and these individuals 
were transferred to isolated experimental aquaria for the trials. 
An underwater speaker (Electro-Voice, University Sound, UW-30) was 
connected to an amplifier (Optimus STA-300, Model No. 31-1991, 120 W) and desktop 
computer, and suspended mid-depth at one end of the experimental aquarium. The 
speaker had no contact with aquarium surfaces. The sound used for playback was 
created using a captive recording from a mature male T. intermedius, unfamiliar to the 
females in the study. This sound was filtered and modified to remove noise and edited 
to provide a sequence of two sounds in close succession (Figure 3.1). This sequence was 
played at least three times to each female once per day. Pressure level of the playback 
sound was calibrated at the center of each experimental aquarium to be at least 134 dB 
re 1 µPa (all reported pressure levels are re 1 µPa at 1 m) using a calibrated 
hydrophone (Inter Ocean Systems Acoustic Listening Calibration System, Model 902). 
The sound level of naturally produced T. intermedius courtship sounds is unknown; 
however, the playback level used for the courtship sound was audible to the females 
based upon the audiogram of T. intermedius determined by Ripley et al. (2002). 
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The first experimental female, Female 1, was removed from the community tank 
and placed in an isolated 75 gallon aquarium (122 cm x 46 cm x 51 cm) when she 
appeared ready to spawn (distended abdomen). Female 1 was fed in association with the 
playback sounds once per day and was observed daily for signs of behavioral and 
physical changes. Courtship sounds were played to Female 1 at an unknown pressure 
level below 134 dB from Nov. 21, 2009 – Dec. 5, 2009. It is possible the sound was 
inaudible to the fish at this pressure level since T. intermedius have a hearing threshold of 
124-134 dB re 1 µPa for frequencies of 200-500Hz (the frequency range of conspecific 
sounds, Ripley et al. 2002) and the pressure level of ambient noise was 120 dB within 
the experimental aquaria (frequency bandwidth of the Inter Ocean Systems Acoustic 
Listening Calibration System, Model 902 was 20 Hz – 10 kHz; all pressure levels are 
measured using this system). Therefore, on Dec. 6, 2009 the playback pressure level was 
calibrated to 139-140 dB. 
Females 2 and 3 were removed from the community tank when a distended 
buccal cavity was observed, indicating the presence of eggs. Each female was placed into 
its own 10 gallon (51 cm x 25 cm x 30 cm) aquarium without visual contact with other 
fish. Once fry hatched they were removed from the aquarium and the females were fed 
and observed daily for signs of another clutch of eggs. The females were observed 
without the playback of any male sounds for a minimum of 111 days (3 months) from 
the date the fry hatched and were removed.  
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When playback of sounds to Female 2 and 3 began, the chain of male courtship 
sounds was played to each female at least three times, at an SPL of 134-135dB re 1 µPa, 
once per day without association with food. Daily observation of feeding behavior and 
buccal cavity appearance continued. Cessation of eating was often the first indication of 
the presence of eggs as apparent distension did not always occur immediately after eggs 
were laid. Females did not feed while mouth-brooding so the date a clutch of eggs was 
laid was determined by the first day the fish ceased to eat once a distended buccal cavity 
was observed. While a female was holding eggs she was not fed until it appeared the 
buccal cavity was no longer distended or the fish began to act hungry (becoming agitated 
near the water’s surface when approached by a human observer). The date eggs were 
noted as no longer present was the first day the female resumed feeding. Playbacks 
were ceased after females progressed through a minimum of three cycles of isolated 
egg-laying. The underwater speaker was then removed from the aquarium and the 
female was fed and observed daily, without sound playback, for a minimum of an 
additional five months.  
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Figure 3.1 (a) Waveform and (b) Spectrogram of the sequence of two male Tramitichromis 
intermedius courtship sounds used for playback (dominant frequency 430-474 Hz). Hann 
window, 124 samples, Filter Bandwidth 128 Hz. 
 
 
Additional replicates of this experiment were planned using females from newly 
hatched T. intermedius fry.  However, an inordinate majority of lab-raised fry were male, 
limiting access to female experimental subjects. This phenomenon of having the majority 
of lab-raised fry develop into males was also experienced by another lab breeding T. 
intermedius for behavioral research (Pers. Comm., J. Webb, University of Rhode Island). 
Due to the lack of female T. intermedius, as well as space and equipment constraints, 
further trials were not feasible. 
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RESULTS 
Three female T. intermedius were isolated while gravid or mouth-brooding and 
were held in isolation without sound playback for a period of time. They were then 
exposed to daily playback of male courtship sounds for a period thereafter. The 
playback of male courtship sounds successfully initiated egg-laying behavior in isolation 
by two of the females (see Table 3.1 for spawning timeline dates, and Figure 3.2 for a 
graphic spawning timeline). The third female died of unknown causes four months after 
playbacks of male courtship sounds began and never laid eggs. 
Female 1 began to lay eggs approximately one to two months after playback of 
male courtship sounds commenced. She spawned three times while exposed to male 
sounds and then playback sounds were stopped. Female 1 continued to display egg-
laying behavior in isolation for another five spawning cycles without exposure to male 
courtship sounds. 
Female 2 did not lay eggs for 111 days after her fry were removed, during which 
there was no playback of male sounds. She then laid eggs approximately two months 
after playback of male courtship sounds began. She spawned four times while exposed 
to male sounds and continued to display egg-laying behavior in isolation for another 
three spawning cycles without exposure to male courtship sounds. 
Female 3 did not spawn for 277 days in isolation after fry were removed, and 
then died of unknown causes four months after playback of male courtship sounds 
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commenced. Female 3 did not display egg-laying behavior in isolation but this could have 
been the result of an underlying health issue. 
 
DISCUSSION 
Courtship behaviors in fishes often function to bring potential mates together 
and act to synchronize reproductive behavior so that external fertilization can 
successfully occur. This study examined whether the male courtship sounds of 
Tramitichromis intermedius function as a reproductive priming stimulus for females in 
addition to acting as an advertisement signal. 
Results of a preliminary investigation of the effect sound playback on isolated 
females of T. intermedius indicate that reproductively mature females did not lay eggs in 
isolation without exposure to male courtship sounds, but began to lay eggs after daily 
playback of male courtship sounds commenced. The females continued to lay eggs even 
after daily sound playbacks ceased, which was unexpected. Nevertheless, these 
preliminary results indicate that male courtship sounds may not only aid in attracting 
females to a bower to lay eggs, but may also stimulate female T. intermedius to 
physiologically prepare to lay them - to become gravid; likely promoting final gamete 
maturation and ovulation, thus leading to egg-laying in isolation. 
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Table 3.1 Spawning timeline dates for Tramitichromis intermedius females during daily playback of 
male courtship sounds. The mean brood period (# days eggs are held) for fertilized eggs of T. 
intermedius is 24.18 + 1.27 days, and mean interbrood period (days between eggs hatching and a 
new clutch laid) is 23.55 + 2.18 days (Ripley and Lobel 2005). 
 
Female 1 Eggs Laid Eggs Days Eggs Interbrood 
Spawn Event 1/13/2010 1/22/2010 9 days 
 
Spawn Event 3/14/2010 4/6/2010 23 days 51 days 
Spawn Event 5/13/2010 6/3/2010 21 days 37 days 
Playbacks ended 6/5/2010 
  
Spawn Event 7/10/2010 7/25/2010 15 days 36 days 
Spawn Event 10/11/2010 10/26/2010 15 days 78 days 
Spawn Event 11/22/2010 12/1/2010 9 days 27 days 
Spawn Event 1/7/2011 1/18/2011 11 days 37 days 
Spawn Event 4/13/2011 4/27/2011 14 days 85 days 
Female 2 Eggs Laid Eggs Days Eggs Interbrood 
Spawn Event 8/13/2010 8/24/2010 11 days 
 
Spawn Event 10/1/2010 10/18/2010 17 days 38 days 
Spawn Event 11/25/2010 12/16/2010 21 days 38 days 
Spawn Event 2/7/2011 3/3/2011 24 days 53 days 
Playbacks ended 2/8/2011 
  
Spawn Event 4/22- 5/16/2011 20-24 days 50 days 
Spawn Event 6/19/2011 7/18/2011 29 days 34 days 
Spawn Event 8/20/2011 9/20/2011 31 days 33 days 
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Figure 3.2 Graphic spawning timeline  
  
Since T. intermedius is a lekking species, large groups of males gather near to each 
other to prepare bowers for spawning. It is possible that in these large gatherings the 
males’ combined chorus of courtship sounds is audible to females in the surrounding 
area. The acoustic chorus of male T. intermedius gathered in a lek may stimulate females 
to become gravid, synchronizing preparation of the bower egg-laying sites by the males 
with the females’ ability to lay eggs. By stimulating egg-laying behavior, the courtship 
sounds of male T. intermedius appear to function, in part, as a reproductive priming 
signal. 
The use of acoustic courtship signals to reproductively prime females has been 
noted in multiple species of birds (Brockway 1965, Brockway 1967, Morton et al. 1985, 
Bentley et al. 2000, Nakagawa and Waas 2004) and also in anurans (Lea et al. 2001). 
Reproductive priming of males through acoustic signals has only been shown in one 
species of fish, the Atlantic salmon, Salmo salar L., in which males produce elevated 
levels of sperm when exposed to the sounds of female salmon cutting redds (nests) in 
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preparation to spawn (Moore and Waring 1996). However, this preliminary study is the 
first to demonstrate a possible reproductive priming effect of male acoustic courtship 
signals on female reproduction in a fish species. Due to low sample size, these results 
are inadequate to come to a decisive conclusion. Nevertheless, our preliminary results 
indicate an interesting female response to playback of male sounds that warrants further 
investigation in this and other species. 
For fishes that perform external fertilization, the synchronization of reproductive 
readiness seems a necessary step to ensure mating success. Whether this occurs 
through environmental cues or conspecific signals, such as the acoustic courtship sounds 
of T. intermedius, the existence of a reproductive priming signal would not be a surprise. 
This is the first study, however, to demonstrate that acoustic courtship signals could 
serve to prime female fish for reproduction. Therefore, fish advertisement courtship 
signals should be investigated not only as mate attractors, but also as signals that can 
induce physiological preparation for reproduction.  
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Chapter 4: Response of male Tramitichromis intermedius to playback of 
conspecific courtship sounds 
 
Abstract 
Acoustic playback experiments with male Tramitichromis intermedius were 
completed to test for preference of association with the playback of white noise, 
conspecific male courtship sounds, and the heterospecific male courtship sounds of the 
sympatric species Copadichromis conophorus. Time spent in sound-associated zones 
varied for each individual between trials; however, there was no significant species-level 
preference for any of the sounds presented. Possible confounding factors that could 
have influenced the results are discussed. 
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INTRODUCTION 
Cichlids are a group of fishes that are widely studied with regard to 
understanding the processes of speciation (Sturmbauer 1998, Kornfield and Smith 2000, 
Kocher 2004, Salzburger and Meyer 2004, Salzburger 2009) because the rapid and 
extensive species radiation seen in cichlids is unrivaled in other vertebrate groups (Liem 
1973, Echelle and Kornfield 1984, Turner 1999, Kornfield and Smith 2000, Turner et al. 
2001, Barlow 2002, Kocher 2004, Salzburger and Meyer 2004). Cichlids provide an 
opportunity to observe speciation at different stages of progression, allowing 
investigation of the process and mechanisms of evolution (Kornfield and Smith 2000, 
Kocher 2004).  
Species divergence in cichlids is thought to have occurred, in part, due to 
assortative mating, non- random mate selection based on observable characteristics. 
Cichlid mate choice studies demonstrate that assortative mating, biased toward 
conspecifics, occurs in several species, both in the field and in captivity (Taylor et al. 
1998, van Oppen et al. 1998, Knight and Turner 2004, Salzburger et al. 2006, Egger et al. 
2008, Blais et al. 2009). Mate preferences can result in selective pressures that prevent 
heterospecific breeding and influence species divergence. Whether or not assortative 
mating can cause sympatric speciation is a controversial point. However, data support 
the hypothesis that assortative mating stemming from sexual selection played a role in 
the unparalleled species radiation seen in cichlids (Seehausen and van Alphen 1998, van 
Oppen et al. 1998, Seehausen and van Alphen 1999, Knight and Turner 2004, Salzburger 
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et al. 2006, Gante and Salzburger 2012, Wagner et al. 2012, Maan and Sefc 2013). To 
understand the full-effect of assortative mating on species divergence in cichlids, the 
factors involved in cichlid mate selection must be determined. 
Factors Involved in Cichlid Mate Selection 
In sand-dwelling cichlids it was proposed that preference for sand bower (nest) 
characteristics was a primary mechanism driving variation in male reproductive success 
(McKaye et al. 1990, Taylor et al. 1998, Stauffer et al. 2002, Stauffer et al. 2005). Initially, 
it was hypothesized that direct female choice and female preference was for species-
specific bower shape. However, subsequent research demonstrated that preference for 
the tallest bowers could result from indirect choice due to male-male competition and 
bower shape was not necessarily directly selected for by females (Genner et al. 2008). 
Bowers may act as a conspicuous visual signal to preliminarily attract females to a male, 
with larger and more centrally located bowers attracting a greater number of female 
visits (Kellogg et al. 2000). But even though bower characteristics influenced the number 
of females that visit a given male, other data indicated that male cues beyond courtship 
initiation were likely driving differences in the proportion of visits that actually resulted 
in egg laying – the definitive measure of reproductive success (Kellogg et al. 2000, 
Genner et al. 2008). Therefore, it was hypothesized that direct female choice may be 
based upon signals acting in close male proximity that drive differences in reproductive 
success after courtship initiation in sand-dwelling cichlids (Kellogg et al. 2000).  
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The potential for visual (mainly male body coloration or pattern) and chemical 
cues to function in close-proximity as pre-zygotic isolating mechanisms in cichlids has 
been examined, and these factors were found to influence cichlid mate choice with 
differing importance in various species (Seehausen and van Alphen 1998, Couldridge and 
Alexander 2002, Jordan et al. 2003, Maan et al. 2004, Plenderleith et al. 2005, Kidd et al. 
2006, Blais et al. 2009). However, the influence of acoustic signals on cichlid 
reproduction has yet to be similarly investigated. This study attempts to determine if the 
acoustic signals of Tramitichromis intermedius, a cichlid species from Lake Malawi, have 
behavioral relevance to conspecific males and whether these sounds have the potential 
to play a role in cichlid reproduction. 
Cichlid Acoustic Signals 
Many cichlids produce sounds in association with aggression and reproduction, 
and it appears that species-specific patterns exist, suggesting that differences in sounds 
could also be used for species recognition (Lobel 1998, Lobel 2001, Amorim et al. 2004, 
Amorim et al. 2008). Sounds are most often produced during courtship, an important 
prelude to mating, and it has been proposed that cichlid acoustic signals are in a position 
to significantly serve as a reproductive isolating mechanism (Lobel 1998).  
The behavioral process of courtship and spawning is similar across cichlid species 
(McElroy and Kornfield 1990), often involving approach, leading, circling and quivering 
(Barends and Barends-Van Roon 1950, McElroy and Kornfield 1990, Barlow 2002, Ripley 
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and Lobel 2004, Ripley and Lobel 2005). Although the specifics of circling behavior may 
differ between genera (Stauffer et al. 1993), “quivering” is associated with circling and 
courtship in many cichlids. Sound production has been correlated with quivering in 
Tramitichromis intermedius, Capidichromis conophoros (Lobel 1998), Simochromis diagramma 
(Nelissen 1975), and in Pseudotropheus species (Amorim et al. 2004, Amorim et al. 
2008). It is likely that many cichlids that share this quiver behavior will also produce 
sounds. One known exception, Oreochromis mossambicus, does not produce sound 
during quiver behavior; however, sounds are produced throughout many different 
behavioral components of courtship (Amorim et al. 2003). Whether or not a fish 
produces sound in association with quivering or other behaviors, sound production 
appears to be regularly associated with cichlid courtship (Lobel 1998, Amorim et al. 
2003, Amorim et al. 2004, Amorim et al. 2008). It is possible that female cichlids could 
use these courtship-associated sounds to assess males before spawning. Determining the 
role and importance of acoustic signals in cichlid reproduction is critical to fully 
understanding how behavior acts as a reproductive isolating mechanism in cichlids. 
Experimental evidence of the behavioral relevance of acoustic signals to cichlids is 
needed to determine the role acoustic signals play in cichlid reproduction.  
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Acoustic Playback Experiments 
This study employed acoustic playback to examine the preferences for various 
acoustic signals for Tramitichromis intermedius, a cichlid species from Lake Malawi. T. 
intermedius is a sand-dwelling species in which males build sand mounds (termed 
“bowers”) in lek-like arenas to attract females for mating. Male T. intermedius produce 
sounds in association with quivering behavior, which occurs only during courtship. 
Sounds are always produced during quiver behavior; however, quiver behavior is not 
always paired with sound production, suggesting that sound production is intentional in 
this species (Ripley and Lobel 2004). Description and analysis of T. intermedius courtship 
sounds revealed that they differ significantly from those of the sympatric species 
Copadichromis conophoros, indicating that sounds may be species-specific (Lobel 1998, 
Lobel 2001, Rice and Lobel 2003). In addition, the audiogram (frequency range and 
thresholds of hearing) for T. intermedius indicates that male courtship sounds are in the 
frequency range of peak hearing sensitivity (Ripley et al. 2002). Therefore, T. intermedius 
produces deliberate sounds that are within the hearing capability of conspecifics and are 
associated with reproductive behavior. 
If acoustic courtship sounds play a role in the reproduction of Tramitichromis 
intermedius, then courtship sounds should prove behaviorally relevant to conspecifics. 
Evolutionarily, females should preferentially be attracted to conspecific male courtship 
sounds to prevent hybridization and wasted energy on heterospecific matings. 
Additionally, observations in the field indicate that T. intermedius males are also attentive 
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to conspecific courtship sounds. When a female is present, males begin to perform 
courtship behaviors and to produce courtship sounds. Male sand bowers are within 
close range of each other, and nearby males will begin courtship behaviors in response 
to another male’s initiation of courtship. This occurs even if the second male is not 
within visual range of the female (Pers. Comm., P. Lobel). These observations indicate 
that males are using other male courtship displays to signal the presence of a female, and 
suggest that male T. intermedius may respond to conspecific courtship sounds.  
If males respond differently to sound playback of a behaviorally irrelevant sound, 
such as white noise, and a conspecific courtship sound and a heterospecific courtship 
sound, it may give insight into the role of these sounds in cichlid reproduction, and into 
the capability of male T. intermedius to use courtship sounds for species identification. 
Trials using female T. intermedius were planned, however, due to insufficient availability 
of female fish the trials could not be completed. 
 
MATERIALS and METHODS 
Individual male Tramitichromis intermedius (n=9) were taken from a community 
tank and placed in mesh baskets within the same aquarium for ease of access. Individuals 
were allowed to acclimate to the mesh baskets for 2-4 days before acoustic playback 
trials began. Experimental males were similar in size, ranging from of 11-14.5 cm 
standard length, and were the largest males available and of mature adult size.   
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During acoustic playback trials, an individual fish was presented with playback of 
two different sounds from either side of a large fiberglass aquarium (approximately 500 
gallons/~1892 liter aquarium, dimensions: ~ 190.5 cm x 95.25 cm x 102.87 cm) for a 
trial duration of ten minutes. Underwater speakers (comparable Clark Synthesis models: 
AQ339 and TST 3710WT) were located at each end of the aquarium at a depth of 50.8 
cm (mid-depth) and a hydrophone (frequency range 10-3,000 Hz sensitivity of 10 psi of -
162 dBv/mPa + 2.0 dB, BioAcoustics Inc., Woods Hole, MA) was placed in the center of 
the aquarium at the same depth. The underwater speakers were connected to an 
amplifier, either an AudioSource AMP 5.2 or an InterM A-120. Both amplifiers produced 
high frequency noise (AudioSource AMP 5.2:  ~5kHz @ 127 dB re 1 µPa, InterM  A-
120: ~10kHz @ <127 dB re 1 µPa). However, the noise was above the 200-500Hz 
frequency range in which T. intermedius are most sensitive, and was likely beyond the 
species’ hearing capability (audiogram determined for 100-800 Hz, (Ripley et al. 2002).  
Three types of playback sounds were presented: (1) white noise – produced by 
Audacity sound software (http://audacity.sourceforge.net/) and clipped to approximately 
the same length as the average conspecific courtship sound, duration 167 ms, (2) 
conspecific courtship sound – a captive recording of a T. intermedius male, modified to 
remove background sound and bandpass filtered between 200-3,000 Hz with 9 pulses 
per call (mean number of pulses per call for T. intermedius; Lobel 1998), duration 164 
ms, (3) heterospecific courtship sound – a field recording of a male Copadochromis 
conophorus, modified to remove background sound and bandstop filtered between 1000-
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17000Hz, modified to have 10 pulses per call (mean number of pulses per call for C. 
conophorus; Lobel 1998), duration 178 ms. Copadochromis conophorus is a cichlid species 
that builds neighboring nests with T. intermedius and whose male courtship sounds 
significantly differ from those of T. intermedius by pulse rate and pulse duration (Lobel 
1998). Playback sound files were created by randomly placing sound clips for each sound 
type onto the left and right channels of a one-minute sound file, without overlap. Each 
one-minute sound file was looped for the ten-minute trial duration.  
The hearing threshold of T. intermedius for frequencies 200-500 Hz (range of 
conspecific fish sounds) is 125-130 dB (Ripley et al. 2002) and the ambient noise level in 
the experimental aquarium was measured to be 113-125 dB re 1 µPa. Thus, playback 
sounds were produced at an SPL of 135 dB re 1 µPa at the center of the experimental 
aquarium in order to be audible to the fish. During each trial one sound type was played 
from each speaker, except during silent control treatments in which no sounds were 
played. Each sound type was presented at the same sound pressure level and at an equal 
rate of playback (number of sounds per minute) during the trials. The side of the 
aquarium and speaker used for each sound type was randomized between trials and 
individuals to ensure that no sound type was played from only one side of the aquarium 
or from one speaker/amplifier combination. Each fish was exposed to four acoustic 
playback treatments in the following order: (1) silence, (2) silence vs. white noise, (3) 
white noise vs. conspecific sound, (4) conspecific sound vs. heterospecific sound. 
Individuals were only exposed to one treatment per day. 
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At the beginning of each trial a fish was placed in an acoustically invisible mesh 
cage in the center of the experimental tank and allowed to acclimate for five minutes of 
silence, sufficient time for the fish to become calm and recover a normal breathing rate 
after handling. After the silent acclimation period, sound playback began for two 
minutes, after which the fish was released from the mesh cage; doors on either side of 
the cage opened so the fish was free to swim out of the cage toward the left or right 
side of the experimental aquarium. The duration of sound playback during each trial 
lasted for ten minutes after the fish was released from the central cage, with the 
exception of the conspecific vs. white noise trial for Fish 1 that lasted only 288 seconds 
due to equipment malfunction; however, Fish 1 spent 92% of the duration of the 
shortened trial time in association with the white noise zone, showing a similar 
proportion of time spent in a single zone as it spent during the other trials, and within 
the range of proportion of time spent in a zone as observed in other fishes during 
complete trial durations. Therefore, the data for this short trial duration were included. 
Swimming behavior and fish location were video recorded from above the 
experimental aquarium for the duration of the trial. Simultaneously, sounds were 
recorded from the center of the aquarium using a hydrophone. At the conclusion of 
each trial the fish was recaptured and returned to a mesh basket in the community 
aquarium until all four treatments were complete.  
Fish location within the experimental aquarium was categorized throughout each 
trial by dividing the aquarium into three zones: left (L), central (C), right (R). The 
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association time (in seconds), the percent association time, and the relative proportion 
of association time that a fish spent in each zone was determined for each trial (see 
below). Activity level (AL) was also quantified as the number of times a fish crossed 
between two zones, indicating how actively the fish swam around the experimental 
arena during the trial. 
Data Analysis and Interpretation  
Preference for one of the two treatment sounds presented during each trial was 
examined using multiple methods. Preference was inferred based upon the highest 
percent of time spent in association with the side playing that sound, i.e., time spent near 
Sound A/total trial duration (as in Dosen and Montgomerie 2004) and from a relative 
proportion of time spent in association with each sound (time spent near Sound A/time 
spent near Sound A + time spent near Sound B) as in Plath et al. (2004). A preference 
score for individual fish during each trial was also calculated (time spent near Sound A 
minus time spent near Sound B, in seconds), with further analysis using a 1-tail student’s 
t-test as in Ptacek and Travis (1997). Possible preference scores ranged between -600 
and 600 since the trial duration was 600 seconds, or ten minutes. Chi-Square analysis 
was used to determine if the time spent in the three zones during each trial was 
significantly different from a random distribution and from the distribution for each fish 
during its silent control trial.  
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All data were tested for normality using the Shapiro-Wilks test. Significant 
difference between pooled mean association times for each sound type during all trials 
was analyzed using a paired t-test (α=0.05) for normal data (as in Plath et al. 2004, Plath 
et al. 2005, and Dosen and Montgomerie 2004). Data that violated the assumption of 
normality were analyzed using a non-parametric Wilcoxon Signed Ranks test to 
determine if there was a significant difference between pooled association times. In 
addition, the data for percent time spent in each zone was log transformed and an 
analysis of variance (ANOVA) was completed to determine if pooled mean time spent in 
each zone significantly differed between zones in each treatment. 
Data Exclusions 
None of the data from the playback trials was excluded. In previous 
experimental fish preference studies in the literature, many criteria were used to 
exclude fish that had a low response, or a high level of apathy, from the final dataset. 
Rosenthal and Evans (1998) excluded fish that spent 95% of time in a single zone during 
a trial while Plath et al. (2004) excluded fish that spent 80% in a single zone. Plath et al. 
(2005) also excluded any fish that spent 50% of time in the central ‘neutral’ zone. Both 
of these studies were primarily testing for preference of visual signals. However, Plath et 
al. (Plath et al. 2004, Plath et al. 2005) did allow the passage of other communication 
modalities when using wire mesh cylinders to hold males from which females could 
choose. These previous trials differed from the current study in that the experimental 
fish in visual trials likely needed to be inside a zone to clearly receive the visual signal for 
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each choice. In our acoustic trial the fish were able to receive the acoustic signal for 
each choice regardless of their location within the experimental arena. The difference 
between zones in this study was the higher SPL of one signal over the other, with the 
higher SPL being the sound associated with the zone the fish was in. Therefore, 
exclusions based upon location were not used. Activity level scores were considered, 
however, if a fish appeared to spend most of its time in a single zone, in order to 
determine if the fish was inactive throughout the trial.  
 
RESULTS 
Time spent by male Tramitichromis intermedius within experimental aquarium 
zones associated with the different sounds presented during the acoustic playback 
experiments did not significantly differ during trials (Figure 4.1). Male T. intermedius, as a 
group, did not show a preference for silence, white noise, a conspecific call, or a 
heterospecific call during simultaneous playback. Detailed results are presented by 
treatment in Tables 4.1 through 4.4. Additionally, to better present the behavior of 
individual fish between treatments, detailed results by individual are presented in Tables 
4.5 through 4.13. 
Pooled results of all trials were normal (Shapiro-Wilks, p>0.05) and distribution 
of fish within the three zones was significantly different from a random distribution 
during all trials (Chi Square, p<0.05), with the exception of the silent control trial of Fish 
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8. Zone distribution significantly differed from each fish’s distribution during the silent 
control in all trials, except for that of Fish 4 during the conspecific vs. white noise trial, 
which did not significantly differ from its distribution during the silent control. T-test 
results of comparisons of association times, proportion of association times, and 
preference scores, between playback sounds indicate that as a group, the T. intermedius 
males did not spend significantly more time associated with any of the presented sound 
choices during throughout the trials (α=.05, p > 0.05). 
Log transformed “percent association time” data also showed no significant 
preference by male T. intermedius for a specific sound type using analysis of variance 
(ANOVA, all p>0.05); white noise vs. silence: F(2,24) = 2.0363, p = 0.1524, conspecific 
vs. white noise: F(2,24) = 0.3481, p = 0.7095, conspecific vs. heterospecific: F(2,24) = 
2.4346, p = 0.1090. 
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Figure 4.1 Time spent by male Tramitichromis intermedius (n=9) in sound-associated zones during each acoustic playback treatment.  
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Table 4.1 Detailed results of fish behavior during the silent control treatment; time spent reports the time in seconds a fish spent in 
each zone (L = left, C = center, R = right); percent time reports the percent of total trial time a fish spent in a zone; proportion reports 
the time a fish spent in a zone, divided by the total time spent in non-central zones; preference reports the time a fish spent associated 
with a sound, minus the time spent associated with the other sound; activity level reports the number of times a fish crossed between 
zones during the ten-minute trial. 
 
Fish 
Time Spent Percent Time Proportion Preference 
Activity Level 
L Center R L Center R L R L R 
1 185 239 176 30.83 39.83 29.33 0.51 0.49 9 -9 45 
2 320 205 75 21.67 34.17 4.5 0.81 0.19 245 -245 24 
3 171 181 248 28.5 30.17 41.33 0.41 0.59 -77 77 44 
4 186 261 153 31 43.5 25.5 0.55 0.45 33 -33 37 
5 76 114 410 12.67 19 68.33 0.16 0.84 -334 334 17 
6 257 142 201 42.83 23.67 33.5 0.56 0.44 56 -56 38 
7 205 259 136 34.17 43.17 22.67 0.6 0.4 69 -69 40 
8 219 191 190 36.5 31.83 31.67 0.54 0.47 29 -29 38 
9 324 207 69 54 34.5 11.5 0.82 0.18 255 -255 43 
Mean 215.89 199.89 184.22 32.46 33.32 29.81 0.55 0.45 31.67 -31.67 36.22 
SD 77.28 50.00 102.43 11.83 8.33 18.30 0.20 0.20 174.43 174.43 9.51 
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Table 4.2 Detailed results of fish behavior during the silence vs. white noise treatment; time spent reports the time in seconds a fish 
spent in each zone (WN = white noise); percent time reports the percent of total trial time a fish spent in a zone; proportion reports 
the time a fish spent in a zone, divided by the total time spent in non-central zones; preference reports the time a fish spent associated 
with a sound, minus the time spent associated with the other sound; activity level reports the number of times a fish crossed between 
zones during the ten-minute trial. 
 
Fish 
Time Spent Percent Time Proportion Preference Activity 
Level Silence Center WN Silence Center WN Silence WN Silence WN 
1 590 10 0 98.33 1.67 0 1 0 590 -590 1 
2 91 363 146 15.17 60.5 24.33 0.38 0.62 -55 55 27 
3 98 167 335 16.33 27.83 55.83 0.23 0.77 -237 237 43 
4 300 226 74 50 37.67 12.33 0.8 0.2 226 -226 33 
5 0 19 581 0 3.17 96.83 0 1 -581 581 1 
6 457 53 90 76.17 8.83 15 0.84 0.16 367 -367 13 
7 337 111 152 56.17 18.5 25.33 0.69 0.31 185 -185 27 
8 219 151 230 36.5 25.17 38.33 0.49 0.51 -11 11 33 
9 551 30 19 91.83 5 3.17 0.97 0.03 532 -532 9 
Mean 293.67 125.56 180.78 48.94 20.93 30.13 0.60 0.40 112.89 -112.89 20.78 
SD 210.30 116.27 182.66 35.05 19.38 30.44 0.35 0.35 376.38 376.38 15.21 
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Table 4.3 Detailed results of fish behavior during the conspecific vs. white noise treatment; time spent reports the time in seconds a 
fish spent in each zone (Con = conspecific, WN = white noise); percent time reports the percent of total trial time a fish spent in a 
zone; proportion reports the time a fish spent in a zone, divided by the total time spent in non-central zones; preference reports the 
time a fish spent associated with a sound, minus the time spent associated with the other sound; activity level reports the number of 
times a fish crossed between zones during the ten-minute trial. 
 
Fish 
Time Spent Percent Time Proportion Preference Activity 
Level Con Center WN Con Center WN Con WN Con WN 
1 6 18 264 2.08 6.25 91.67 0.02 0.98 -258 258 3 
2 87 452 61 14.5 75.33 10.17 0.59 0.41 26 -26 29 
3 458 131 11 76.33 21.83 1.83 0.98 0.02 447 -447 23 
4 148 256 196 24.67 42.67 32.67 0.43 0.57 -48 48 28 
5 191 162 247 31.83 72 41.17 0.44 0.56 -56 56 23 
6 174 35 391 29 5.83 65.17 0.31 0.69 -217 217 13 
7 178 102 320 29.67 17 53.33 0.36 0.64 -142 142 35 
8 202 264 134 33.67 44 22.33 0.6 0.4 68 -68 49 
9 538 29 33 89.67 4.83 5.5 0.94 0.06 505 -505 17 
Mean 220.22 161.00 184.11 36.82 32.19 35.98 0.52 0.48 36.11 -36.11 24.44 
SD 170.10 142.50 133.33 28.18 27.73 30.08 0.30 0.30 271.03 271.03 13.22 
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Table 4.4 Detailed results of fish behavior during the conspecific vs. heterospecific treatment; time spent reports the time in seconds a 
fish spent in each zone (Con = conspecific, Hetero = heterospecific); percent time reports the percent of total trial time a fish spent in a 
zone; proportion reports the time a fish spent in a zone, divided by the total time spent in non-central zones; preference reports the 
time a fish spent associated with a sound, minus the time spent associated with the other sound; activity level reports the number of 
times a fish crossed between zones during the ten-minute trial. 
 
Fish 
Time Spent Percent Time Proportion Preference Activity 
Level Con Center Hetero Con Center Hetero Con Hetero Con Hetero 
1 305 156 139 50.83 26 23.17 0.69 0.31 166 -166 16 
2 27 443 130 4.5 73.83 21.67 0.17 0.83 -103 103 38 
3 34 331 235 5.67 55.17 39.17 0.13 0.87 -201 201 29 
4 214 305 81 13.5 50.83 35.67 0.73 0.27 133 -133 41 
5 60 73 467 10 12.17 77.83 0.11 0.89 -407 407 18 
6 0 7 593 0 1.17 98.83 0 1 -593 593 1 
7 275 129 196 45.83 21.5 32.67 0.58 0.42 79 -79 43 
8 198 221 181 33 36.83 30.17 0.52 0.48 17 -17 47 
9 193 161 246 32.17 26.83 41 0.44 0.56 -53 53 57 
Mean 145.11 202.89 252.00 21.72 33.81 44.46 0.37 0.63 -106.89 106.89 32.22 
SD 115.58 136.69 168.78 19.03 22.78 26.23 0.28 0.28 254.97 254.97 17.71 
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Table 4.5 Detailed results for the behavior of Fish 1 during all trials; AL = activity level, S = 
silence, WN = white noise, Con = conspecific, Hetero = heterospecific, L = left, R = right. The 
conspecific vs. white noise trial for this fish was a short duration of only 288 seconds, instead of 
600 seconds. 
 
Trial Proportion % Time Preference AL 
Silence 
Left Right Left Right Left Right 
45 
0.51 0.49 30.83 29.33 9 -9 
S R 1 98.33 590 
1 
WN L 0 0 -590 
Con L 0.02 1.72 -258 
3 
WN R 0.98 75.86 258 
Con R 0.69 50.83 166 
16 
Hetero L 0.31 23.17 -166 
       
Mean 16.25 
 
Table 4.6 Detailed results for the behavior of Fish 2 during all trials; AL = activity level, S = 
silence, WN = white noise, Con = conspecific, Hetero = heterospecific, L = left, R = right. 
 
Trial Proportion % Time Preference AL 
Silence 
Left Right Left Right Left Right 
24 
0.81 0.19 21.67 4.5 245 -245 
S R 0.38 15.17 -55 
27 
WN L 0.62 24.33 55 
C L 0.59 14.5 26 
29 
WN R 0.41 10.17 -26 
C R 0.17 4.5 -103 
38 
H L 0.83 21.67 103 
       
Mean 29.5 
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Table 4.7 Detailed results for the behavior of Fish 3 during all trials; AL = activity level, S = 
silence, WN = white noise, Con = conspecific, Hetero = heterospecific, L = left, R = right. 
 
Trial Proportion % Time Preference AL 
Silence 
Left Right Left Right Left Right 
44 
0.41 0.59 28.5 41.33 -77 77 
S R 0.23 16.33 -237 
43 
WN L 0.77 55.83 237 
C L 0.98 76.33 447 
23 
WN R 0.02 1.83 -447 
C R 0.13 5.67 -201 
29 
H L 0.87 39.17 201 
       
Mean 34.75 
 
Table 4.8 Detailed results for the behavior of Fish 4 during all trials; AL = activity level, S = 
silence, WN = white noise, Con = conspecific, Hetero = heterospecific, L = left, R = right. 
 
Trial Proportion % Time Preference AL 
Silence 
Left Right Left Right Left Right 
37 
0.55 0.45 31 25.5 33 -33 
S L 0.8 50 226 
33 
WN R 0.2 12.33 -226 
C R 0.43 24.67 -48 
28 
WN L 0.57 32.67 48 
C L 0.73 13.5 133 
41 
H R 0.27 35.67 -133 
       
Mean 34.75 
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Table 4.9 Detailed results for the behavior of Fish 5 during all trials; AL = activity level, S = 
silence, WN = white noise, Con = conspecific, Hetero = heterospecific, L = left, R = right. 
Trial Proportion % Time Preference AL 
Silence 
Left Right Left Right Left Right 
17 
0.16 0.84 12.67 68.33 
-
334 
334 
S L 0 0 -581 
1 
WN R 1 96.83 581 
C R 0.44 31.83 -56 
23 
WN L 0.56 41.17 56 
C L 0.11 10 -407 
18 
H R 0.89 77.83 407 
       
Mean 14.75 
 
Table 4.10 Detailed results for the behavior of Fish 6 during all trials; AL = activity level, S = 
silence, WN = white noise, Con = conspecific, Hetero = heterospecific, L = left, R = right. 
 
Trial Proportion % Time Preference AL 
Silence 
Left Right Left Right Left Right 
38 
0.56 0.44 42.83 33.5 56 -56 
S L 0.84 76.17 367 
13 
WN R 0.16 15 -367 
C R 0.31 29 -217 
13 
WN L 0.69 65.17 217 
C L 0 0 -593 
1 
H R 1 98.83 593 
       
Mean 16.25 
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Table 4.11 Detailed results for the behavior of Fish 7 during all trials; AL = activity level, S = 
silence, WN = white noise, Con = conspecific, Hetero = heterospecific, L = left, R = right. 
 
Trial Proportion % Time Preference AL 
Silence 
Left Right Left Right Left Right 
40 
0.6 0.4 34.17 22.67 69 -69 
S R 0.69 56.17 185 
27 
WN L 0.31 25.33 -185 
C L 0.36 29.67 -142 
35 
WN R 0.64 53.33 142 
C R 0.58 45.83 79 
43 
H L 0.42 32.67 -79 
       
Mean 36.25 
 
Table 4.12 Detailed results for the behavior of Fish 8 during all trials; AL = activity level, S = 
silence, WN = white noise, Con = conspecific, Hetero = heterospecific, L = left, R = right. 
 
Trial Proportion % Time Preference AL 
Silence 
Left Right Left Right Left Right 
38 
0.54 0.47 36.5 31.67 29 -29 
S R 0.49 36.5 -11 
33 
WN L 0.51 38.33 11 
C L 0.6 33.67 68 
49 
WN R 0.4 22.33 -68 
C R 0.52 33 17 
47 
H L 0.48 30.17 -17 
       
Mean 41.75 
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Table 4.13 Detailed results for the behavior of Fish 9 during all trials; AL = activity level, S = 
silence, WN = white noise, Con = conspecific, Hetero = heterospecific, L = left, R = right. 
 
Trial Proportion % Time Preference AL 
Silence 
Left Right Left Right Left Right 
43 
0.82 0.18 54 11.5 255 -255 
S L 0.97 91.83 532 
9 
WN R 0.03 3.17 -532 
C L 0.94 89.67 505 
17 
WN R 0.06 5.5 -505 
C R 0.44 32.17 -53 
57 
H L 0.56 41 53 
       
Mean 31.5 
 
 
DISCUSSION 
Male Tramitichromis intermedius did not show a significant preference for a 
particular sound during any of the trials. Post-hoc power analysis indicates that with the 
standard deviation of this data set and the small sample size of n=9 (alpha=0.5, 
power=0.8), this experiment was only able to detect a preference level of 200-270 
seconds, or 3.3-4.5 minutes, difference between mean association times. Based upon 
our results, if T. intermedius males do have a preference for one sound over another, 
that preference is not strong enough to spend approximately four minutes longer in 
association with one sound over another during a ten minute trial.  
However, when the results of each trial are considered by individual (Tables 4.5 
through 4.13), the behavior (activity level and association with experimental zones) of 
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individual fish changed between trials. For example, Fish 6 was highly active during the 
silent control trial with an activity level (AL) score of 38 and the fish spent 
approximately equal amounts of time in both the left and right zones. During the first 
treatment presenting silence vs. white noise, the fish was much less active with an AL 
score of only 13, and spent most of its time in the silent zone on the left side of the 
arena. In the second treatment presenting conspecific vs. white noise, the fish had the 
same low AL score of 13 and spent most of its time in association with the white noise 
zone on the same left side of the arena. In the third trial presenting conspecific vs. 
heterospecific sounds, the fish spent all of its time in the heterospecific zone on the 
right side of the arena and was almost completely inactive (AL score of 1). Fish 6 was 
clearly behaving differently in the presence of sound playback than it did during the silent 
control trial, and it appeared to respond differently to the various playback trials.  
Fish behavior and time spent in each sound-associated zone during trials 
appeared to be influenced by the sound playback and not by a side bias since all fish, 
except for Fish 9, associated with different zones of the arena between the four 
treatments. Furthermore, even though Fish 9 associated with the same zone during each 
trial, it had a mean activity level (AL) of 31.5 across all trials, and had the highest AL 
score in Trial 3. These AL scores indicate that although the fish spent the most time in 
the same zone in every trial, it was actively swimming around the experimental arena 
throughout, and was not apathetic.  
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Although trial results appear to suggest individual sound preferences, there was 
no significant species preference among male T. intermedius for one sound over another. 
These inconclusive preference results could have been a consequence of influencing 
factors such as differing social status of experimental males, lack of a realistic 
reproductive context during trials, inaccurate speaker playback causing males to have 
difficulty in distinguishing species differences in sounds, or T. intermedius males not being 
capable of, or attentive to, species discrimination using courtship sounds.  
 
Potential Influencing Factors of Inconclusive Preference Results 
Social Status 
Dominant male Tramitichromis intermedius display bright blue and red body and fin 
coloration. In contrast, submissive males adopt a plain grey female-like coloration with 
three dark spots along their bodies, likely to suppress aggression from dominant males 
as in non-territorial color morphs of other cichlid species (Barlow 2002, Korzan and 
Fernald 2007, Korzan et al. 2008). Coloration was not noted for individuals in this 
experiment; however, cichlids can change social status and body coloration very quickly 
(Korzan and Fernald 2007, Korzan et al. 2008, Kustan et al. 2012). It is unknown how 
the pre-experimental isolation of each fish, and the solo-nature of the experimental 
arena experiment, affected an individual’s social status perception during this study. 
Experimental individuals were of similar size with standard lengths ranging between 11-
14.5 cm. Standard length did not correlate with activity level (regression of SL vs. AL, 
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r2=0.0295); although, activity level could be an indication of a fish in better condition 
with more energy to expend.  Fish with above average activity levels appeared to prefer 
the conspecific courtship sound over the heterospecific courtship sound during Trial 3. 
However, this result was not significant for our small sample size (one-tailed t-test, 
p<0.05). It can be hypothesized, however, that fish that were more active during trials 
were in better condition and therefore more likely to be dominant and expected to be 
attracted rather than repelled by a conspecific competitors courtship call; a larger 
sample size is needed to determine if this is a significant trend. 
In addition to the unknown social status of the experimental individuals, it is not 
known if differences in T. intermedius courtship sounds indicate the dominance of the 
sound producer. The test sound used for playback in this study was modified to have 
the average number of pulses per call for T. intermedius. However, temporal parameters 
such as pulse interval and pulse period can communicate information (Kihslinger and 
Klimley 2002), and these temporal parameters were not controlled for since mean 
species values are unknown. It is possible that experimental fish could discern 
hierarchical information from the test sounds, and behaved differently in response to 
their relative status to the recorded caller. Though, temporal parameters are often 
considered to hold species-level information (Spanier 1979, Kihslinger and Klimley 
2002). The lack of a clear preference for sounds during this experiment could have been 
due to a mix of dominant and subordinate males responding differently to the sound 
playbacks. 
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Absence of Behavioral Context 
Lack of a clear behavioral response from the tested fish could also have been due 
to insufficient signal stimulation. In other acoustic choice experiments certain species did 
not respond or show conspecific preference when presented with a single-mode signal 
without another, often visual, component (Plenderleith et al. 2005 - olfactory; Tavolga 
1958, Lugli et al. 2004; Estramil et al. 2013 - visual). Our single-mode acoustic 
presentation may not have been enough to elicit a behavioral response. Future studies 
could add a visual component to the acoustic playback signal, e.g., a video of females at 
either end of the experimental arena. In a recent cichlid acoustic playback study done by 
Bertucci et al. (2013), only males that had been allowed to establish residency for 24 
hours in an experimental arena responded to the playback of conspecific sounds with 
territorial behaviors. The males in the current study were not allowed to establish 
residency in the experimental arena, and may not have responded strongly to the sound 
playback for this reason. Furthermore, without a sand bower to defend and court upon, 
it is possible that a male T. intermedius will not respond to another male’s courtship 
sound as he would in a realistic reproductive context. In future work a sand bower 
territory could be provided to the experimental males to defend and display upon.  
Playback Quality 
Another potential factor affecting fish response was the quality of sound 
playback. Accuracy of speaker playback for the Clark Synthesis speakers used in these 
trials was found to have only 23-42% spectrogram correlation between source and 
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sound playback in the experimental aquarium. The variance between courtship sounds 
of Tramitichromis intermedius and Copadichromis conophorus in the field is unknown. 
However, the speaker fidelity accuracy was within the range of similarity shown 
between the T. intermedius and C. conophorus courtship sounds used in this study (39% 
similar, spectrogram correlation value of 0.39). Therefore, the male T. intermedius may 
not have been able to tell the difference between the signals due to insufficient fidelity of 
the audio playback.  
Absence of Male Discrimination 
Lastly, it is possible that male T. intermedius do not use conspecific male sound 
signals for species identification, or do not respond to other male acoustic signals. The 
cost of reproduction for male T. intermedius may be lower than for females who must 
produce eggs and fast while mouth-brooding fry (Barlow 2002). Lower-cost male 
reproduction could result in males displaying no discrimination between conspecific and 
heterospecific females, and thus no discrimination between courtship sounds that 
indicate their presence. Mate choice and species identification may be left to females 
who stand to lose the most, energetically, from a heterospecific mating. Female T. 
intermedius may be the only sex that are attentive to, or have the ability to distinguish, 
species identification from male courtship sounds. Future work should test female T. 
intermedius preference for male courtship sounds since courtship signals are directed 
towards gravid females. 
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CONCLUSION 
The results of conspecific and heterospecific acoustic signal playback 
experiments to male Tramitichromis intermedius are inconclusive, and do not allow us to 
distinguish whether or not male T. intermedius discriminate between different 
underwater sounds, and whether they prefer behaviorally relevant conspecific sounds 
over others. Individuals appeared to respond differently to the four treatments, but as a 
group male T. intermedius did not show a preference for any of the sounds presented. 
This result could have been due to a number of influencing factors, including 
experimental design and equipment, or the possibility that male T. intermedius are not 
capable of species identification using courtship sounds. 
It is clear that sound production during courtship is a widespread occurrence in 
cichlids, but it is unknown if these sounds influence mating success. Determining the role 
of acoustic signals in cichlid reproduction is critical in understanding whether sound 
signals influenced the widespread assortative mating that likely contributed to the rapid 
species radiation of cichlids. Future studies that intend to examine the role of acoustic 
signals in cichlid reproduction, may benefit from the discussion of potential influencing 
factors in order to avoid similar difficulties. Experiments that focus on the response of 
females to male courtship sounds may also prove to be more illuminating on the effects 
of sounds on mate choice and male reproductive success.  
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Chapter 5: A comparison of underwater speakers for use in aquaria for 
animal behavior playback studies  
Abstract 
Acoustic playback is a key method used to determine the behavioral significance 
of animal sounds, including fishes. This study presents the first comparison of the 
acoustic quality of underwater speakers for the playback of fish sounds. Seven 
underwater acoustic playback systems were tested for their ability to accurately 
reproduce the low-frequency, pulsed, courtship sounds of a small fish, Tramitchromis 
intermedius (Cichlidae). Tests of playback quality for each speaker were completed in 
large aquaria, and two of these speaker systems were also tested in an open water 
environment for comparison. Results from a statistical correlation analysis indicated that 
in an aquarium with low ambient noise and at low amplitude playback levels (< 120 dB 
re 1 µPa), the Clark Synthesis speakers were the best choice for playback at moderate 
distances ( > 20 cm), and that the Electro-Voice UW30 was the best speaker for short 
distance (< 20 cm) playback of low-frequency fish sounds. However, in aquaria with 
higher levels of ambient noise and at higher amplitude playback levels (> 120 dB re 1 
µPa), the Clark Synthesis speakers performed better than the Electro-voice UW30 
playback at all distances (0.4 – 1.5 m). 
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INTRODUCTION  
Investigation into the role of sound signals in animal behavior often employs the 
acoustic playback method, in which acoustic signals, natural or synthetic, are presented 
to a subject to determine its response (McGregor 1992). These playback experiments 
are an important tool to determine an animal’s response to specific sounds. Acoustic 
playback experiments have been very successful with terrestrial animals, improving 
scientific understanding of the behavioral significance of acoustic signals in birds, insects 
and anurans (Rand and Ryan 1981, Searcy and Andersson 1986, McGregor 1992). In 
contrast, experimental investigation into the role of sound in fishes has progressed 
more slowly as the use of acoustic playback methodologies has been constrained by the 
logistics of underwater sound playback and the accuracy of available playback equipment. 
This paper reports on comparisons of the acoustic quality of seven commercially 
available underwater speakers for use in fish playback experiments. 
Sound behaves differently in water than in air due to the higher density of the 
medium and the higher speed of sound in water. This often causes underwater acoustic 
playback to be more problematic than terrestrial playback due to issues of greater 
sound reflection and attenuation, especially within an enclosed environment such as an 
aquarium. Playback experiments with fishes are often conducted within aquaria to allow 
greater control over experimental factors and for ease of behavioral observation. 
Akamatsu et al. (2002) and Au and Hastings (2008) thoroughly discuss the issues of 
reflection and resonance when recording sounds within aquaria, and provide protocol 
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options to decrease their negative impact on results; these protocols are also relevant 
for use during the playback of fish sounds.  
Many fish sounds are pulsed, of short duration, and have a low dominant 
frequency; i.e. < 1 kHz (Amorim 2006, Kasumyan 2008, Lobel et al. 2010). These types 
of acoustic signals have been studied in fish families including Cichlidae (Amorim et al. 
2008, Simões et al. 2008, Danley et al. 2012) and Pomacentridae (Spanier 1979, 
Parmentier et al. 2006, Colleye et al. 2011), and are often categorized as chirps, knocks, 
grunts and growls (Lobel et al. 2010). These types of sounds are difficult to reproduce 
accurately using current speaker technology due to unintentional resonance of elastic 
components often utilized within commercially available speakers (Fonseca and Alves 
2012). Accurate reproduction of fish sounds is important during playback experiments 
in order to obtain a natural response from the test subject. Accuracy of sound 
production is also necessary to determine whether fish recognize and respond to 
specific sounds, since many acoustic signals differ between species and individuals (Lobel 
2001, Amorim et al. 2008, Amorim and Vasconcelos 2008). 
While speakers that can produce a more precise acoustic playback of low-
frequency fish sounds are in development (Fonseca and Alves 2012) a number of 
successful acoustic playback studies with fish have employed currently available 
underwater speaker systems (see below). Only one of these studies, however, reported 
the results of a quantitative comparison of the original to the playback sound to confirm 
good quality playback (Bertucci et al. 2013). Here, we analyze the acoustic playback 
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quality of a pulsed low-frequency fish sound from each of five currently used underwater 
speaker systems (or comparable models), as well as two underwater headphone 
systems not yet utilized in playback experiments. Since controlled underwater playback 
experiments are most easily conducted in an aquarium, this study examined speaker 
performance in enclosed environments. For comparison, two speaker systems were also 
tested in an open water environment to provide a baseline comparison to aquaria 
results. 
 
MATERIALS AND METHODS 
Equipment 
Five underwater speakers were tested for playback quality: Clark Synthesis TST 
229F, Clark Synthesis TST 3710WT, Clark Synthesis AQ339 (Clark Synthesis, Inc.), 
Electro-voice University Sound UW30, Lubell LL98 (Lubell Labs, Inc., with AC201 
transformer box). Two headphone systems were also tested: Oceanic H2O Audio DV 
system (with a built-in amplifier and MP3 player), Ocean Technology Systems (OTS) 
earphone (See Table 5.1 for specifications of all playback systems used).  
The Clark Synthesis speakers required an external 4 Ω amplifier, while the Lubell 
LL98 and Electro-voice UW30 were compatible with both 4 Ω and 8 Ω amplifiers. Each 
speaker was connected to a 4 Ω amplifier (AudioSource AMP 5.2 amplifier, 150 W, 60 
Hz, 120 V, frequency response 20-20,000Hz + 1dB) during testing of playback quality.  
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Table 5.1 Specifications for speakers systems tested in this study. Low frequency: <1 kHz, High 
frequency: >1 kHz. 
 
Speaker 
Frequency 
Rating 
Depth 
Rating 
Wattage Diameter Best Use 
Clark Synthesis 
AQ339 
20 Hz – 17 
kHz 
3 m 135 20 cm 
low frequency range above 25 cm and 
broad frequency range up to 20 feet 
distance 
Clark Synthesis  
TST 3710WT 
20 Hz – 17 
kHz 
3 m 135 20 cm 
low frequency range above 25 cm and 
broad frequency range up to 20 feet 
distance 
Clark Synthesis  
TST 229F 
35 Hz – 17 
kHz 
3 m 100 20 cm 
low frequency range above 25 cm and 
broad frequency range up to 20 feet 
distance 
Electro-Voice UW30 
100 Hz – 
10 kHz 
3 m 
(best at 
1.2 m) 
30 17 cm 
Low frequency range up to 25 cm, 
broad frequency range up to 30 feet 
Lubell LL98 
250 Hz – 
20 kHz 
1.83-
12.19 m 
50-100 22 cm 
High frequency range up to 500+ m 
distance 
Oceanic H20  
Audio DV 
unknown 66 m unknown 5 cm 
Low frequency range up to 25 cm in 
quiet conditions, high frequency 
capabilities unknown 
Ocean Technology 
Systems Earphone 
   5 cm 
Not good for low frequency playback, 
high frequency capabilities unknown 
 
 
The Electro-voice UW30 speaker was also tested with an 8 Ω amplifier 
(Optimus STA-300, Model No. 31-1991, 120 W, 60 Hz, 120 V) for comparison. The 
headphone systems were not compatible with an external amplifier, so none was used. 
Although the speaker models tested in this study are not the most current, all of 
them are available or are comparable to available models. At present, Clark Synthesis 
produces the AQ340 Diluvio underwater speaker, which is a new name for the AQ339 
116 
 
 
model. However, the TST 3710WT is also comparable, and the older TST 3710WT 
model and the AQ339 model are thought to perform similarly (Pers. Comm. B. Phillips, 
Clark Synthesis). The only differences, from the TST 3710WT, are that the 
AQ339/Diluvio model is made from a housing material formulation that allows for 
better low-frequency (< 500 Hz) performance, and includes a removable sound lens. In 
this study, the sound lens was attached to the AQ339 speaker during playback at higher 
amplitudes in noisier environments, but was removed during low amplitude playback in 
quiet environments (details below). One change in the Clark Synthesis Diluvio speaker 
from the AQ339 model is that the Diluvio is currently made solely of U.S.-made 
components, instead of Chinese-made components as in past models. This has resulted 
in a 5% increase in sound output (Pers. Comm., B. Phillips, Clark Synthesis), possibly 
increasing playback quality for this speaker. The Clark Synthesis TST 229F speaker 
tested in this study is no longer in production, but is comparable to the TST209 model 
that is currently available through third-party vendors. The Lubell LL98 speaker tested in 
this study is comparable to the LL964 model in all but frequency range; the LL964 has a 
frequency range of 200 Hz – 20 kHz, while the LL98 has a range of 250 Hz – 20 kHz 
(based on published specifications).  
The Oceanic H2O Audio DV headphone playback system has been discontinued 
and is no longer available for purchase. However, the OTS earphone is still available 
through Ocean Technology Systems as a replacement part/assembly for Kirby Morgan 
helmets and Band masks.  
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Test of Playback Quality 
The male courtship sound of Tramitichromis intermedius, an African cichlid species 
from Lake Malawi (Figure 5.1; dominant frequency: 516.8 Hz, Duration: 159 ms) was 
used to test the playback quality of each speaker system. The test sound was created 
from an original recording of a captive male T. intermedius courtship sound that was 
bandpass filtered from 200-3000 Hz and modified to remove all background noise. 
Acoustic playback from each speaker was recorded using a custom hydrophone 
(frequency range 10-3,000 Hz sensitivity of 10 psi of -162 dBv/µPa + 2.0 dB, 
BioAcoustics Inc., Woods Hole, MA) at various distances in three different recording 
environments: a wooden tank, a fiberglass aquarium, and an open water environment. 
Sound pressure levels (SPL, all decibel levels reported are re 1 µPa at 1m) of playbacks 
were measured using a calibrated hydrophone system (Inter Ocean Systems Acoustic 
Listening Calibration System, Model 902). Correlation analysis of playback recordings 
was completed using Raven software (Cornell Lab of Ornithology) to quantify the 
similarity with which each speaker could produce the test sound compared to the 
original sound file. The following sections provide detailed description of equipment and 
parameters used in each recording environment. 
 
  
  
Figure 5.1 The male courtship sound of 
Hz, Duration: 159 ms), bandpass filtered from 200
background noise, was used to test the playback quality of underwater speaker systems 
(spectrogram specifications: Hann Window, 256 samples, 248 H
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Recording Environment - Wooden Tank 
Four underwater speakers (Clark Synthesis TST 3710WT, Clark Synthesis 
AQ339 - sound lens attached, Electro-Voice University Sound UW30, Lubell LL98), and 
two underwater headphone systems (Oceanic H2O Audio DV, and Ocean Technology 
Systems earphone), were tested for playback quality in a large cylindrical, wooden tank 
(dimensions: 2.2 m depth x 3.45 m diameter; volume: 20,566 L). The test sound was 
produced from a compact portable Panasonic disc player (model SL-S120).  
The hydrophone and speakers were positioned at a depth of 1.1 m + 4 cm and 
the distance between the hydrophone and speakers ranged between 0.4 and 1 m in 0.1 
m increments, and an additional recording was made at 1.5 m. Sounds were played at 
three different sound pressure levels: 135 dB, 120 dB (near the lower limit of 
measurement possible with the calibrated hydrophone system), and at an unknown SPL 
< 120 dB. Playbacks were also completed at a shorter distance of 0.36 m at a SPL of < 
120 dB.  
Recordings of the underwater headphone systems were made at a depth of 0.52 
m + 4 cm, due to cord-length limitations, and these systems were tested at distances 
between 0.2 and 0.5 m between the headphone and hydrophone. Due to the lack of an 
external amplifier in the headphone systems, playbacks were tested at lower SPL levels 
of ~120 dB.  
The sound pressure level of ambient noise in the wooden tank recording 
environment was measured to be ~116-118 dB. However, minimum resonant frequency 
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calculations using equations from Akamatsu et al. (2002) indicated that the minimum 
resonant frequency of this tank was ~170 Hz. This resonant frequency closely bordered 
the frequency range of our test sound and caused increased acoustic interference in 
addition to ambient noise, creating a noisier playback environment.  
Recording Environment - Fiberglass Aquarium 
Five underwater speakers (Clark Synthesis TST 3710WT, Clark Synthesis 
AQ339 - sound lens removed, Clark Synthesis TST 229F, Electro-Voice University 
Sound UW30, Lubell LL98), and two underwater headphone systems (Oceanic H2O 
Audio DV, Ocean Technology Systems earphone), were tested for playback quality in a 
large fiberglass aquarium with an acrylic window (dimensions: ~ 190.5 cm x 95.25 cm x 
102.87 cm; volume: ~1,892 L). Each speaker was attached to a 4 Ω amplifier 
(AudioSource AMP 5.2) for playback. In addition, the Electro-Voice UW30 was also 
tested with an 8 Ω amplifier (Optimus STA-300) for comparison. The test sound was 
produced by a laptop running from battery power; testing indicated that the laptop did 
not produce any electrical noise when running off of battery power, but noise was 
produced if it was connected to an electrical outlet.  
The hydrophone and speakers were positioned at a depth of 50 cm for speaker 
recordings, and the hydrophone and underwater headphone systems were positioned at 
a depth ~ 30 cm during headphone system recordings due to cord-length limitations. 
Recordings were made at distances of 7, 15, 33, 50, and 100 cm between the 
hydrophone and the speaker, or headphone. Two recordings were made at each 
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distance, with only the best of each pair used for analysis. Sound pressure level of the 
playback sound was unknown since it was below levels measurable with the calibrated 
hydrophone system (SPL < 120 dB). However, amplifier and playback settings were 
identical for each system playback for comparison.  
The sound pressure level of ambient noise in the fiberglass aquarium recording 
environment was measured to be ~113-125 dB. The minimum resonant frequency of 
the aquarium was calculated to be ~1,100 Hz, well above the frequency range of the test 
sound. Thus, the resonance did not interfere with the playback recordings and the 
fiberglass aquarium provided a quieter playback environment compared to the wooden 
tank. Because of the quieter playback environment and the smaller dimensions of the 
aquarium, lower sound pressure level playback at closer distances were conducted to 
simulate the conditions of an experimental fish sound playback at a more natural sound 
pressure level and distance. 
Recording Environment – Open Water 
For baseline comparison to speaker playback quality in enclosed environments, 
two speakers (Clark Synthesis AQ339 – sound lens attached, Electro-Voice UW30) 
were also tested in an open water environment. In this outdoor location, the speakers 
and amplifier were powered by a car battery (12 V) and sounds were produced by a 
Panasonic compact disc player (model SL-S120). Playback recordings were completed off 
the side of a dock in West Falmouth Harbor, MA with the speakers and hydrophone at 
a depth of 0.7 m, in water 1.7 m deep. Recordings were completed at distances ranging 
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between 0.3 and 1.0 m, at 0.1 m increments, with an additional recording at 1.5 m, 
between the speaker and the hydrophone. Sounds were played at a SPL of ~120-130 dB 
from the Clark AQ339 speaker and at a SPL of ~110-120 dB from the Electro-Voice 
UW30 speaker. The Electro-Voice UW30 speaker (30 watt) could not produce 
playback at the same SPL as the Clark Synthesis AQ339 speaker (135 watt), due to its 
lower power in the open water environment. On a separate date, the two speakers 
were tested in the same location and at the same distance and depth parameters, using 
playback at the same source volume and amplifier settings at a lower unknown SPL of < 
120 dB, not measurable by the calibrated hydrophone system. 
In the open water environment, the SPL of ambient noise was measured to be 
~100 dB, though it was only a rough estimate at the lower limit of measurement 
capability of the calibrated hydrophone system. The open water environment was the 
quietest playback environment in which recordings were made, compared to the 
wooden tank and fiberglass aquarium environments.  
Statistical Analysis 
Recordings of speaker playbacks were tested for fidelity to the original sound file 
using the correlation analysis in Raven acoustic software (Cornell Lab of Ornithology), 
spectrogram parameters: Hann Window, 256 samples, 248 Hz. Results of spectrogram 
correlation analysis indicated the similarity between spectrograms of the test sound file 
and the playback produced by the speaker, disregarding time lag. Spectrogram 
correlation was normalized to ignore differences in amplitude between the source and 
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the playback, and linear power values were used for a larger spread of correlation values 
between similar and dissimilar spectrograms. The correlation was also biased to avoid 
large variations at correlation end points. Results of waveform correlation analysis 
specified similarity between the waveform of the source and playback while taking 
waveform phase into consideration. During waveform correlation analysis, the complex 
envelope setting was not used due to the broadband frequency range of the test sound. 
Waveform correlations were also normalized to ignore amplitude differences.  
Correlation analyses were completed three times per data set: unfiltered, 
bandpass filtered 200-3,100 Hz (the full frequency range of the T. intermedius courtship 
test sound, including reverberation), and bandpass filtered 200-900 Hz (the frequency 
range of the main sound energy in the T. intermedius courtship original recording). 
Ambient low-frequency noise (< 500 Hz) was present in recordings completed in the 
wooden tank and fiberglass aquarium environments, possibly overlapping playback of 
test sound frequencies. This low-frequency noise was not present in the open water 
environment recordings. All playback recordings were correlated against the original 
test sound file and resulted in a correlation value between 0-1, a measure of similarity 
between the test sound and playback recordings. The closer a correlation value was to 
1, the closer the playback sound was to being a precise presentation of the original 
source sound file. A maximum correlation value of 1 indicated that the correlated 
sounds were exactly the same, representing 100% correlation of the playback sound to 
the source.  
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RESULTS 
Raven correlation analysis of recordings resulted in a correlation value (CV) that 
indicated the similarity of the playback sound to the original sound file. Waveform 
correlation values were always lower than spectrogram correlation values for each 
recording, and correlation values always improved when a narrower bandpass filter was 
applied since it excluded noise outside the frequencies of interest. 
Recording Environment - Wooden Tank  
The Clark Synthesis AQ339 produced the most accurate playback of the test 
sound, with the best spectrogram and waveform correlation values, in the noisy 
environment of the wooden tank (Table 5.2). Though, the Clark Synthesis 3710 speaker 
performed very similarly to the AQ339. The Lubell LL98 speaker did not perform as 
well as the Clark Synthesis speakers, and the Electro-Voice UW30 speaker produced 
the least accurate playback of all the speakers tested in the noisy environment (Figure 
5.2). 
The Oceanic H2O Audio DV headphone system produced better playback 
quality than the OTS earphone in the wooden tank, with correlation values similar to 
those produced by the speaker systems, but only at distances of < 0.4 m, and at the 
lower SPL playback (120-125 dB) the headphone system was capable of (Figure 3).  
  
Figure 5.2 a) Spectrogram correlation values, and b) waveform correlation values, vs. distance 
for speaker playback at a SPL of ~135 dB in the wooden wa
Hz. 
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Recording Environment - Fiberglass Aquarium  
Speaker playback quality ranking varied depending on the bandpass filter applied 
to the recordings. The Clark Synthesis speakers had the highest mean correlation values 
for unfiltered and 200-3,100 Hz bandpass filtered analysis, and the Electro-Voice UW30 
had the highest mean correlation values for 200-900 Hz bandpass filtered analysis (Table 
5.3). However, when correlation analysis results were examined by speaker and 
distance, it became clear that the Clark Synthesis and UW30 speakers performed best 
at different distances. 
When the test sound was played using the same amplitude and volume settings 
at an unknown SPL of < 120 dB, the Electro-Voice UW30 speaker produced the most 
accurate playback, with the best spectrogram and waveform correlation values, at short 
distances of < 20 cm in the fiberglass aquarium. However, beyond distances of 20 cm, 
the Clark Synthesis speakers produced better quality playback than all other speakers in 
the fiberglass aquarium. The AQ339 had the best spectrogram CV, while the TST 229F 
and TST 3710WT followed, and the TST 229F had the best waveform spectrogram CV, 
followed by the AQ339 and the TST 3710WT. The Lubell LL98 speaker produced the 
least accurate playback of all the speakers tested in the quiet fiberglass aquarium 
environment (Figure 5.4).  
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Table 5.2 Speaker playback quality rankings and mean correlation values for playback recordings at all distances in the wooden water 
tank. Spec = spectrogram and Wave = waveform correlation analysis results. 
 
 
Correlation Analysis Unfiltered 200-3,100 Hz 200-900 Hz 
Rank Speaker Spec Wave Spec Wave Spec Wave 
1 Clark Synthesis AQ339 0.251 0.126 0.421 0.324 0.422 0.336 
2 Clark Synthesis TST 3710WT 0.225 0.106 0.411 0.286 0.413 0.310 
3 Lubell LL98 0.205 0.092 0.346 0.218 0.348 0.224 
4 Electro-Voice UW30 0.212 0.084 0.328 0.152 0.328 0.162 
 
Headphone 
      
5 Oceanic H20 Audio 0.129 0.070 0.302 0.206 0.346 0.239 
6 OTS Earphone 0.038 0.021 0.083 0.117 0.131 0.125 
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Table 5.3 Playback quality ranking and mean correlation values for recordings of playback in the fiberglass aquarium (including only the 
best recording out of two completed at each distance). Speaker rank is assigned by the highest average CV across all filters. Spec = 
spectrogram correlation analysis results, and Wave = waveform correlation analysis results.  
 
Correlation Analysis Unfiltered 200-3,100 Hz 200-900 Hz 
Rank Speaker Spec Wave Spec Wave Spec Wave 
1 Electro-Voice UW30 0.404 0.269 0.504 0.469 0.832 0.776 
2 Clark Synthesis TST 229F 0.535 0.374 0.553 0.480 0.682 0.570 
3 Clark Synthesis AQ339 0.526 0.302 0.564 0.471 0.723 0.579 
4 Clark Synthesis TST 3710WT 0.452 0.258 0.521 0.445 0.816 0.635 
5 Oceanic H20 Audio DV 0.392 0.220 0.412 0.359 0.731 0.686 
6 Lubell LL98 0.092 0.056 0.160 0.250 0.278 0.324 
7 OTS Earphone 0.045 0.014 0.144 0.083 0.253 0.154 
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The Oceanic H2O Audio DV headphone system produced good quality playback 
in the quiet recording environment and had a higher spectrogram CV than all of the 
speakers, except the UW30, at distances < 25 cm. The OTS earphone produced very 
low accuracy playback of the test sound in the fiberglass aquarium (Figure 5.4). 
When the Electro-Voice UW30 speaker was tested in the fiberglass aquarium 
with the 8 Ω amplifier (Optimus STA-300), instead of the 4 Ω amplifier, it produced 
more accurate playback by 40-50% spectrogram CV, and 20-70% waveform CV (mean 
spectrogram CV, mean waveform CV; unfiltered results: 0.895, 0.977; bandpass filtered 
200-3,100 Hz results: 0.897, 0.977; bandpass filtered 200-900 Hz results: 0.899, 0.987). 
The greatest increase in accuracy was seen in unfiltered recordings. It appeared that the 
4 Ω amplifier (AudioSource AMP 5.2) that was used for all other speaker system 
playback produced high-frequency noise (> 5 kHz) at a SPL of ~127 dB. However, this 
inherent noise could have been due to a unit malfunction and not a general issue with 
this amplifier. The 8 Ω amplifier (Optimus STA-300) produced very little high-frequency 
noise (>10 kHz) at a SPL not measureable by the calibrated hydrophone. 
  
  
Figure 5.3 a) Spectrogram correlation 
for headphone system playback at a SPL of 120
filtered 200-1,000 Hz. 
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Figure 5.4 a) Spectrogram c
from recordings of speaker 
parameters at an unknown SPL <120 dB
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For a visual comparison of waveform quality, see Figure 5.5 for waveforms and 
waveform correlation values from the best playback recording for each system in the 
fiberglass aquarium (with the 4 Ω amplifier).  
Recording Environment – Open Water 
The Electro-Voice UW30 speaker produced slightly more accurate playback than 
the Clark Synthesis AQ339 speaker in the open water environment at playback SPL of 
120 dB (Table 5.4). The UW30 speaker had better spectrogram and waveform 
correlation values at all distances when recordings were bandpass filtered from 0-1 kHz 
(Figure 5.6), and when recordings were left unfiltered (Figure 5.7). In contrast, when 
playback was conducted at a quieter SPL of < 120 dB (Table 5.5) and recordings were 
bandpass filtered from 0-1 kHz, the Clark Synthesis AQ339 speaker performed slightly 
better, and more consistently with higher correlation values, than the UW30 (Figure 
5.8). When the quieter < 120 dB playback recordings were left unfiltered, the UW30 
speaker playback accuracy and correlation values decreased further, while the Clark 
Synthesis correlation values were not as affected (Figure 5.9). 
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Table 5.4 Speaker playback quality rankings and mean correlation values for playback recordings at all distances in open water at a 
sound pressure level of 120 dB re 1 µPa. Spec = spectrogram correlation analysis results, and Wave= waveform correlation analysis 
results. 
 
Correlation Analysis Unfiltered 200-3,100 Hz 200-900 Hz 
Rank Speaker Spec Wave Spec Wave Spec Wave 
1 Electro-Voice UW30 0.568 0.491 0.664 0.580 0.669 0.630 
2 Clark Synthesis AQ339 0.514 0.451 0.523 0.463 0.523 0.476 
 
 
Table 5.5 Speaker playback quality rankings and mean correlation values for playback recordings at all distances in open water at the 
lowest playback amplitude tested (<120 dB re 1 µPa). Spec = spectrogram correlation analysis results, and Wave = waveform 
correlation analysis results. 
 
Correlation Analysis Unfiltered 200-3,100 Hz 200-900 Hz 
Rank Speaker Spec Wave Spec Wave Spec Wave 
1 Electro-Voice UW30 0.719 0.632 0.756 0.707 0.757 0.729 
2 Clark Synthesis AQ339 0.699 0.569 0.708 0.615 0.709 0.631 
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Figure 5.5 Waveform of the playback of the 
speaker system using a 4 Ω amplifier (X
with the highest waveform correlation value in the fiberglass aquarium for each speaker is 
included. The waveform correlation value is shown to the upper right of each image. Sounds 
were bandpass filtered from 200
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Tramitichromis intermedius test sound from each 
-axis: Time, Y-axis: Relative amplitude). The recording 
-1,000 Hz.  
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DISCUSSION 
Results from correlation analysis of speaker playback indicated the similarity with which 
tested speakers could reproduce the low-frequency, pulsed, male courtship sound of 
Tramitichromis intermedius. Correlation analyses were performed on unfiltered 
recordings and on bandpass filtered recordings excluding frequencies other than those 
of interest. Since many fishes appear to be most sensitive to the frequencies present in 
conspecific sounds (Ladich and Yan 1998, Marvit and Crawford 2000, Ripley et al. 2002, 
Lugli et al. 2003), the results from the bandpass filtered correlations may be an 
indication of speaker playback quality for the frequency range in which accurate playback 
is most important. However, the unfiltered correlation values were a better indication 
of broader playback quality that included interference from ambient sounds and noise 
produced by the speaker and amplifier systems. Therefore, the unfiltered results were a 
better indication of a speaker’s ability to overcome noise existing in the environment 
and to present accurate playback in a field situation.  
 
  
  
Figure 5.6 Bandpass filtered 0
waveform correlation value curves 
120 dB. 
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-1,000 Hz (a) spectrogram correlation value curves
from recordings of speaker playback in open water at SPL 
 and (b) 
 
  
Figure 5.7.  Unfiltered (a) spectrogram correlation value curves and (b) waveform correlation 
value curves from recordings of speaker playback in open water at SPL 120 dB.
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Figure 5.8 Bandpass filtered 0
waveform correlation value curves 
unknown SPL < 120 dB.  
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-1,000 Hz  (a) spectrogram correlation value curves
from recordings of speaker playback in open water at 
 and (b) 
 
  
Figure 5.9 Unfiltered (a) spectrogram
value curves from recordings of 
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 correlation value curves and (b) waveform correlation 
speaker playback in open water at unknown SPL < 120 dB.  
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Best Speaker System for Underwater Playback of Fish Sounds 
Speaker systems differed in their capabilities to reproduce the spectrogram and 
waveform of the T. intermedius courtship sound accurately. Results of correlation 
analyses indicated that the Clark Synthesis AQ339 and the Electro-Voice UW30 were 
the best speakers for playback of low-frequency fish sounds, but the two speakers 
excelled in different recording situations. The best speaker for a playback experiment 
can depend on the environment, the distance, and the sound pressure level that will be 
used during playback.  
The Clark Synthesis TST 229F (100 watt), TST 3710WT (135 watt), and AQ339 
(135 watt) speakers, were more powerful than the Electro-Voice UW30 speaker (30 
watt) and could produce greater sound pressure levels and handle higher amplifier 
wattage. Therefore, the Clark Synthesis speakers were better suited, than the Electro-
Voice UW30 speaker, for longer distance and higher sound pressure level playbacks, 
e.g., when there was a need to overcome high levels of ambient noise. This is supported 
by the correlation analysis results from the wooden tank recordings (Figure 5.6 and 5.7), 
which indicated that all of the Clark Synthesis speakers produced more accurate 
playbacks than the UW30 speaker at greater SPL (~135 dB) in an environment with 
higher levels of background noise (SPL: ~116-118 dB, with additional interference from 
resonance at ~170 Hz) and moderate distances between the speaker and hydrophone 
(0.3-1.5 m).  
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However, in a quieter recording environment such as in the fiberglass aquarium 
(ambient SPL: ~113-115 dB) at lower sound pressure playback (< 120 dB) and at very 
close distances (0.07-0.2 m), the UW30 speaker produced the most accurate 
representation of the T. intermedius courtship sound (Figures 5.3 and 5.4). Therefore, 
the Electro-Voice UW30 speaker is the best speaker choice for close distance, low 
sound pressure level playbacks, e.g., in experiments testing the response to playback of 
fish sounds at low, naturally-occurring, acoustic levels.  
In the open water environment, both the Clark Synthesis AQ339 and Electro-
Voice UW30 speakers produced increasingly more accurate playback of the 
Tramitichromis intermedius sound at lower sound pressure levels, e.g., 120 dB playback 
resulted in lower correlation values (Figures 5.6 and 5.7) than the < 120 dB playback 
(Figures 5.8 and 5.9). The results presented in Table 5.5 for the open water recordings 
are mean correlation values measured from speaker playback at an unknown SPL of < 
120 dB, but it is possible that results would improve at even lower amplitude levels than 
those used in this study. 
Water Depth 
Water depth is another factor that affects the choice of a system for underwater 
playback. This study did not examine the effect of depth upon playback quality. 
However, the Clark Synthesis and Electro-Voice rate their speakers for use at a 
maximum depth of 3 m, and although the UW30 speaker can operate up to a depth of 3 
m, Electro-Voice states that it performs at optimum efficiency at only 1.2 m depth. Due 
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to the incorporation of air in its design, the UW30 speaker cannot operate at depths 
greater than 3 m (Fonseca and Alves 2012). Although Clark Synthesis speakers also 
incorporate enclosed air, they have been utilized without issue at 6.5 m depth and have 
the potential to function at greater depths, though this has not been tested and the 
effect on sound playback is unknown (Pers. Comm. B. Phillips, Clark Synthesis). In 
contrast, the Lubell LL98 speaker has a recommended minimum depth for use at 1.83 m 
(6 ft). Therefore, all of the playbacks conducted in this study (at depths of 0.5-1.5 m) are 
not necessarily indicative of playback results in optimum conditions for this speaker. 
However, the Lubell LL98 is rated for use at a maximum depth of 12.19 m, meaning it 
can conduct playbacks at much greater depth than either the Clark Synthesis or UW30 
speakers. Surprisingly, the Oceanic H2O Audio DV headphone system is operable at 
greater depths than any of the speaker systems tested, with a maximum depth limit of 
66 m.  
Playback Quality of Headphone Systems  
The two headphone systems that were tested (Oceanic H2O Audio DV, Oceanic 
Technology Systems earphone) lacked the power of the larger speaker systems to 
project greater distances and at higher sound pressure levels, due to the absence of an 
external amplifier. However, the Oceanic H2O Audio DV headphone system has a built-
in amplifier module and produced a more accurate spectrogram sound playback than 
almost all of the tested speaker systems at short distances (7-25 cm) and low amplitudes 
(Figures 5.3 and 5.4). The Oceanic H2O Audio DV headphone system would be ideal in 
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playback situations in which ultra-portability was necessary since it operates using 
battery power and an enclosed MP3 player. In addition, the Oceanic H2O Audio DV 
system is rated for use up to a depth of up to 66 m; much deeper than the other 
underwater playback systems tested are capable of (Electro-Voice UW30 and Clark 
Synthesis speakers rated to 3 m, Lubell LL98 rated to 12 m). However, the sound 
playback conducted with the Oceanic H2O Audio DV unit would need to be within a 
short distance to the subject, within the unit’s sound pressure level capabilities, and in 
an environment where ambient noise is low. Extreme depths may also negatively affect 
the playback quality of the unit due to water pressure on the speaker mechanism. 
Territorial neighbor playback between small reef fish at natural amplitude levels, or 
playback to fish on a deep reef while using a rebreather diving system, are instances in 
which this unit could be useful.   
Sound Pressure Level of Fish Sounds 
Many playback studies using fish sounds have presented sounds at “natural” 
sound pressure levels by matching the amplitude and distance for the playback of a 
sound, to the parameters that occurred during its recording (Table 5.6). However, data 
on the absolute sound pressure level of naturally produced fish sounds is limited, and is 
noted to be very difficult to determine due to the very short duration and attenuation 
distances common to most fish sounds (Akamatsu et al. 2002). A review of the sound 
pressure levels of fish sounds in the literature reports a range between 20-159 dB at 
distances of a few centimeters, to beyond 1.5 m, among 46 different species (I. M. Kaatz, 
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A. N. Rice, and P. S. Lobel, unpublished manuscript). The distances and sound pressure 
levels of playback used in this study fall within that range; however, only the lower 
amplitude playback (< 120 dB) is likely near the naturally produced levels of most fish 
sounds. For example, the attenuation distance for the aggressive low-frequency pulsed 
sound of Metriaclima zebra, another small cichlid species from Lake Malawi, was 
calculated to be 13.4 cm (Bertucci et al. 2010) and could not be heard by a hydrophone 
positioned 20 cm from the speaker during playback. Bertucci et al. (2010) utilized the 
Electro-Voice UW30 speaker for playback at distances of 15-20 cm, which falls within 
the range of distances at which the UW30 produced very high quality playback in this 
study. Bertucci et al. (2010) were unable to measure the absolute sound pressure level 
of the M. zebra sound. However, test sounds at playback levels of < 120 dB were 
audible to the hydrophone beyond 20 cm in this study, indicating that the actual SPL of 
the M. zebra aggressive sound must be much lower than 120 dB re 1 µPa.  
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Table 5.6 Fish acoustic playback studies in the literature.  
 
Year, 
Author 
Species Location Speaker SPL Distance Sound Type Depth 
Playback 
Result 
1956, Moulton Prionotus spp. field 
QBG 
transducer 
unknown unknown 
low-frequency, 
pulsed 
72 feet of 
water, 
unknown 
speaker depth 
incited wild 
fish to call 
immediately 
after 
1958, Tavolga 
Bathygobius 
soporator 
aquarium 
Chesapeake 
Instrument 
Corp. 
transducer  
(LF-400) 
natural levels 
and 10x 
natural levels, 
~0.1-0.2 µbar 
12 inches 
low-frequency, 
broadband, 
single pulse 
6 inches 
(aquarium 
depth) 
females 
increased 
respiration 
rate, general 
activity, social 
interactions, 
and 
approached a 
captive male 
1960, Delco 
Notropis 
venustus, 
Notropis 
lutrensis 
aquarium unknown unknown 
< 95 
inches 
female sounds 4 inches 
fish were 
attracted 
most to 
conspecific 
sounds (N. 
lutrensis: M 
and F, N. 
venustus: M) 
1964, Winn Opsanus tau field unknown unknown 10 feet 
low-frequency, 
tonal 
unknown 
female 
phonotaxis 
1966, Stout 
Notropis 
analostanus 
aquarium 
University 
Speaker (MM2L) 
unknown, 
naturally 
recorded 
levels 
< 36 
inches 
low-frequency, 
single or 
multiple pulses 
<14 inches  
males 
increased 
aggressive or 
courtship 
behaviors 
1971, Gerald Lepomis spp. field 
University 
Sound speakers 
(MM-2PP) 
unknown 10 feet 
low-frequency, 
pulsed 
unknown 
phonotaxis 
toward 
playback of 
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conspecific 
sound 
1972, Fish Opsanus tau field 
University 
speaker (100-
2000Hz + 3 dB) 
8-10 dB 
below 
resident male 
call level 
1.5 m tonal 
0.5-3 m water 
depth, 
unknown 
speaker depth 
increased 
male calling 
rate if 
playback >12-
14 calls/min. 
1972, Winn Opsanus tau field 
University 
MM21  
level of a fish 
8-10 feet 
away 
<15 feet tonal 
0.5-3 m water 
depth, 
unknown 
speaker depth 
increased 
male calling 
and gravid 
female 
phonotaxis 
1972, Banner 
Negaprion 
brevirostris 
field 
Chesapeake 
Instrument J-9  
unknown, 
louder than 
natural levels 
< 4.5 m 
low-frequency 
and 
broadband, 
some pulsed 
20-120 cm 
water depth 
attraction to 
pulsed 
sounds, 
catfish 
vocalizations, 
and struggle 
and feeding 
sounds 
1972, Myrberg 
and Spires 
Stegastes 
partitus 
field, 
aquarium 
Chesapeake 
Instrument J-9  
unknown, 
naturally 
recorded 
levels 
unknown 
low-frequency, 
pulsed 
20 m speaker 
depth 
increased 
colony 
courtship 
behaviors, 
greater 
increase with 
conspecific 
sounds 
1975, Stout 
Notropis 
analostanus 
aquarium 
University 
speaker (MM2L) 
unknown, 
naturally 
recorded 
levels 
< 36 
inches 
low-frequency, 
single or 
multiple pulses 
<14 inches 
(aquarium 
water depth) 
knocks 
stimulated 
aggression 
and inhibited 
territory 
entry, male 
courtship, 
and female 
Table 5.6, continued 
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cooperation; 
purrs 
increased 
courtship 
behavior and 
female 
cooperation 
1979, Spanier Stegastes spp. 
field, 
aquarium 
Chesapeake 
Instrument J-9  
unknown, 
naturally 
occuring 
levels 
unknown 
low-frequency, 
pulsed 
unknown 
colony 
courtship 
increased, 
pulse interval 
and pulse 
number 
found to have 
an important 
role in 
recognition 
1983, Ibara et 
al. 
Porichthys 
notatus 
aquarium 
watertight 
telephone 
transducers 
unknown 8 m 
hum 98-108 
Hz, pure tones 
40-2,000 Hz 
unknown 
gravid female 
phonotaxis to 
male hums 
and pure 
tones 85-115 
Hz 
1985, Myrberg 
and Riggio 
Stegastes 
partitus 
field 
Chesapeake 
Instrument J-9  
unknown, 
naturally 
occuring 
levels 
30 cm 
low-frequency, 
pulsed 
10 m speaker 
depth 
residents 
responded 
more 
frequently to 
unfamiliar 
individual 
sounds than 
to neighbor 
sounds 
1986, Myrberg 
et al. 
Stegastes 
partitus 
field 
J-9 (Marine 
Resources, Inc.), 
University UW-
30 
plus 11 dB re 
1 µbar 
6-8 m 
low-frequency, 
pulsed 
8 m water 
depth,  
3.5 m speaker 
depth 
female 
phonotaxis 
and 
preference 
Table 5.6, continued 
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for sounds of 
larger males 
(lower 
dominant 
frequency) 
1994, Kenyon 
et al. 
Pomacentrus 
partitus 
field, 
aquarium 
Chesapeake 
Instruments J-9, 
UW-30 
unknown ~1 m 
low-frequency, 
pulsed 
< 0.46 m 
stimulated 
male 
courtship 
behavior and 
phontaxis, 
chemical and 
visual stimuli 
necessary for 
response in 
captivity 
1996, Lugli et 
al. 
Padogobius 
martensii 
aquarium 
lab-built speaker  
3.4 cm diameter 
frequency 
response + 6 dB 
50-1,000 Hz 
113-123 dB, 
 2-10 cm 
away 
< 44 cm 
low-frequency, 
pulsed, tonal, 
male spawning 
sound 
< 26 cm 
gravid female 
phonotaxis; 
increased 
response 
associated 
with female 
physiological 
state 
1997, Lugli 
Padogobius 
martensii 
aquarium 
laboratory built 
small-sized 
waterproof 
loudspeaker 
130 dB re 1 
µPa @ 5 cm 
< 44 - 80 
cm 
synthetic, low-
frequency, 
broadband 
< 26 cm 
male 
phonotaxis 
when visual 
stimuli 
present 
1998, 
McKibben and 
Bass 
Porichthys 
notatus 
aquarium UW30 
130-140 dB 
re 1 µPa 15 
cm in front of 
speaker 
2 m 
synthetic, 
tonal 
< 0.75 m  
stimulated 
phonotaxis in 
gravid 
females, and 
some male 
morphs, 
frequency 
preference 
Table 5.6, continued 
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was 
temperature 
dependent 
2004, Lugli et 
al. 
Padogobius 
martensii 
aquarium 
lab-built; 3.4 cm 
diameter, +6 dB 
from 50-1000 
Hz 
unknown, 
naturally 
recorded 
levels 
< 44 cm 
low-frequency, 
single pulse 
< 26 cm 
male 
response 
after 
exposure to 
female visual 
or chemical 
stimuli 
2007, 
Luczkovich 
and 
Keusenkothen 
Holocentrus 
rufus 
field 
Clark Synthesis 
AC339 
unknown 
 
low-frequency 
broadband and 
high frequency 
sounds 
8 m 
squirrelfish 
sound 
production 
decreased 
during 
dolphin 
sounds 
2007, Rollo et 
al. 
Neogobius 
melanostomus 
field, 
aquarium 
UW30 
157-162 dB 
re 1 µPa at 24 
cm from 
speaker 
 
low-frequency, 
pulsed 
3.3-4.1 m, 33 
cm  
male and 
female 
phonotaxis 
2008, Rollo 
and Higgs 
Neogobius 
melanostomus 
aquarium UW30 
122-127 dB 
re 1 µPa 
107 cm 
low-frequency, 
pulsed 
< 33 cm  
gobies 
approached 
speaker, 
greatest 
response to 
conspecific 
sounds 
2009, Raffinger 
and Ladich 
Yasuhikotakia 
modesta 
aquarium UW30 
107 dB re 1 
µPa  
low-frequency, 
pulsed 
< 40 cm  
suppressed 
agonistic 
vocalizations 
when paired 
with visual 
stimuli 
Table 5.6, continued 
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2010, Bertucci 
et al. 
Metriaclima 
(Pseudotropheus) 
zebra 
aquarium UW30 
unknown, 
natural 
amplitude 
levels 
<60 cm 
low-frequency, 
pulsed 
< 30 cm  
suppressed 
aggression 
when paired 
with visual 
stimuli 
2010, Zeddies 
et al. 
Porichthys 
notatus 
aquarium U.S. Navy J-9  
130 dB re 1 
µPa 
109 cm 
synthetic, 
tonal 
50 cm 
gravid female 
phonotaxis 
along particle 
motion 
vectors 
2012, Zeddies 
et a. 
Porichthys 
notatus 
aquarium 
Clark Synthesis 
AQ339  (2 
units) 
120 dB re 1 
µPa 
79-98 cm 
synthetic, 
tonal 
50 cm 
gravid female 
phonotaxis 
along particle 
motion 
vectors 
2012, Maruska 
et al. 
Astatotilapia 
burtoni 
aquarium UW30 
unknown, 
natural 
amplitude 
levels 
28.7-57.3 
cm 
low-frequency, 
pulsed 
< 48 cm 
gravid 
females more 
sensitive to 
low 
frequencies, 
like  male 
courtship 
sounds 
2013, Bertucci 
et al. 
Metriaclima 
(Pseudotropheus) 
zebra 
aquarium UW30 
unknown, 
natural 
amplitude 
levels 
<60 cm 
low-frequency, 
pulsed 
< 30 cm 
increased 
male 
territorial 
behaviors, 
temporal 
modification 
had no effect 
response 
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Playback Studies with Fish Sounds  
Studies of acoustic playback to fishes, conducted within the last thirty years, have 
generally utilized four different underwater speakers: Chesapeake Instrument J-9, 
Electro-Voice UW30, Lubell LL964 (reef sound playback, Table 5.7), Clark Synthesis 
AQ339 (see Table 5.6 for a review of fish acoustic playback studies in the literature). In 
this study we investigated the comparative playback quality of three commercially 
available speakers (or comparable models): the Electro-Voice UW30, three models of 
Clark Synthesis speakers (TST 229FWT, TST 3710WT, AQ339), the Lubell LL98 
(comparable to the LL964), as well as two headphone systems not yet used for scientific 
acoustic playback (Oceanic H2O Audio DV, Ocean Technology Systems earphone). The 
J-9 speaker was not tested, but is available to rent from the U.S. Navy for authorized 
users. Of the speakers tested, the Electro-Voice UW30 speaker has been used the most 
often in underwater fish playback experiments, including some of the key studies that 
have been successful in obtaining a behavioral response to fish acoustic signals (Myrberg 
et al. 1986, McKibben and Bass 1998, Rollo et al. 2007, Rollo and Higgs 2008, Raffinger 
and Ladich 2009, Bertucci et al. 2010, Maruska et al. 2012, Bertucci et al. 2013), as well 
as in studies of the response of larval reef fish to the playback of coral reef sounds  (Leis 
et al. 2002, Leis et al. 2003, Leis and Lockett 2005) (Table 5.7 summarizes reef acoustic 
playback studies reported in the literature).  
The Lubell LL98 speaker has been utilized in underwater acoustic playback 
studies for the playback of manatee sounds (Phillips et al. 2004), the Lubell LL916 
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(Deecke et al. 2002) and LL9642T (Curé et al. 2012) speakers have been utilized for the 
playback of orca sounds, and the Lubell LL964 speaker has been used in many successful 
studies of the response of larval reef fish to the playback of coral reef sounds (Table 
5.7).  
The Clark Synthesis AQ339 speaker, and its previous model the AC339, have 
also been utilized in acoustic playback studies for the playback of low-frequency 
squirrelfish sounds and high-frequency dolphin sounds (Luczkovich and Keusenkothen 
2007), and were also used for playback of tonal sounds in experiments with the plainfin 
midshipman, Porichthys notatus (Zeddies et al. 2012). The J-9 speaker (Chesapeake 
Instrument) has also been successfully used for fish sound playback experiments 
(Myrberg and Spires 1972, Spanier 1979, Myrberg and Riggio 1985, Kenyon 1994), but 
was not tested in this study. As an alternative to using commercially available 
underwater speakers, some scientists have successfully designed their own custom 
speakers for experimental playback (Lugli 1997, Lugli et al. 2004). A wealth of 
information on the design and calibration of transducers can be found in Au and 
Hastings (2008). 
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Table 5.7 Reef sound acoustic playback studies in the literature 
 
Year, 
Author 
Target 
Receiver 
Location Speaker 
Sound Pressure 
Level 
Distance Sound Type 
Speaker 
Depth 
Playback 
Result 
Attraction to light traps/patch reefs broadcasting sound 
2000, 
Tolimieri et al. 
reef fish 
larvae 
open water Lubell LL964 unknown unknown reef sounds ~2 m 
increased catch 
of benthic 
triplefin larvae; 
no effect on 
pelagic fish 
larvae catch 
2003, Leis et 
al. 
playback to 
entire reef 
open water UW30 
10 dB above typical 
chorus levels at trap 
65 m 
nocturnal 
reef sounds 
2 m 
mixed results 
between 
species; 
response 
differed with 
location and 
time 
2003, Jeffs et 
al. 
crustacean 
larvae 
open water Lubell LL964 unknown unknown 
nocturnal 
reef sounds 
3 m 
increased catch 
of Anomura 
and Brachyura 
larvae during 1st 
and last ¼  
moon phases 
2004, Simpson 
et al. 
settlement-
stage reef fish 
open water UW30 104 dB < 130 m reef sounds 1 m 
captured a 
greater number 
and diversity of 
reef fish larvae 
2008a, 
Simpson et al. 
settlement-
stage reef fish 
open water Lubell LL964 156 dB 50 m 
reef sounds: 
<570 Hz and 
570-2,000 Hz 
2 m 
general 
preference for 
high-frequency 
sound traps 
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2008b, 
Simpson et al. 
juvenile and 
adult reef fish 
open water Lubell LL964 
139-147 dB (ambient 
122-142 dB) 
< 100 m 
reef sounds: 
<570 Hz and 
570-2,000 Hz 
2 m 
greater 
diversity at 
low-frequency 
sound reefs, 
juvenile fish: 
mixed 
preference 
results 
2011, Radford 
et al. 
juvenile reef 
fish 
open water Lubell LL964 
156 dB (ambient 
126.7-132.4 dB) 
50 m reef sounds 2 m 
different levels 
of attraction to 
reefs 
broadcasting 
various habitat 
noise 
Preference for sounds broadcast to choice chambers 
2004, 
Tolimieri et al. 
pomacentrid 
larvae 
chamber in 
open water 
Lubell LL964 
20 dB above 
background noise 
~ 80 m 
reef sounds: 
peak energy 
400-800Hz, 
<100Hz, 
>10kHz 
2 m 
larvae moved 
toward 
playback of reef 
sounds at night 
2005, Leis and 
Lockett 
5 spp. of 
pomacentrid 
larvae 
chamber in 
open water 
UW30 
107-109 dB 25 m 
from the speaker 
25 m 
nocturnal 
reef sounds 
2 m 
Chromis 
atripectoralis 
attracted to 
reef sound, 
other species 
response 
unclear 
2007, Radford 
et al. 
5 spp. of crab 
postlarvae 
chamber in 
open water 
Lubell LL964 unknown 60-80 m 
nocturnal 
reef sounds 
2 m 
crab larvae 
oriented 
toward reef 
sound playback 
2010, Simpson 
et al. 
pomacentrid 
larvae 
chamber in 
open water 
Lubell LL964 
145-156 dB (ambient 
117 dB) 
6-12 m 
reef sounds 
and artificial 
tones 
1-2 m 
larvae were 
attracted to 
sound from 
previous 
conditioning 
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experience 
2010, Vermeij 
et al. 
coral larvae 
chamber in 
open water 
UW30 144.5-148.9 dB < 2 m reef sounds 50 cm 
coral larvae 
were attracted 
toward reef 
sounds 
Swimming behavior 
2002, Leis et 
al. 
Chromis 
atripectoralis 
open water UW30 
10 m from speaker 
160 Hz: ~84 dB, 
2 kHz: ~ 73 dB 
25-150 m 
reef sounds 
and pure 
tones 100-
2000 Hz 
< 5 m 
larvae increased 
swimming 
speed 
2010, Stanley 
et al. 
crab 
megalopae 
Enclosed 
water bath 
Sony 
speakers 
inside plastic 
bags 
114 dB > 160 mm reef sounds 
< 140.5 
mm 
larvae 
decreased time 
to settlement 
and 
metamorphosis 
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It is interesting to note that the playback studies using low-frequency pulsed fish 
sounds, that generally conducted playback at lower sound pressure levels at closer 
distances, utilized the Electro-Voice UW30 speaker. The studies using other speakers 
largely presented higher sound pressure level playback of broadband acoustic signals (i.e., 
ambient coral reef sounds) or tonal sounds (i.e., orca vocalizations or simulations of P. 
notatus hums). Therefore, evidence in the literature supports the results of this study 
indicating the Electro-Voice UW30 speaker to be a good choice for low amplitude, low-
frequency fish sound playback at close distances. 
Playback Studies of Reef Sounds  
Reef sound playback studies consist of experiments in which the ambient sounds 
of a reef are recorded and broadcast in open water to determine whether the sounds 
affect the behavior and settlement of larval reef fish. The sounds broadcast during these 
studies are more broadband in frequency than the playback of singular fish sounds, and 
are played at higher amplitudes over greater distances. Many studies have shown an 
effect on larval behavior with exposure to the playback of reef sounds, although 
response between different species has been mixed (Table 5.7). These studies have 
generally tested differences in recruitment to light traps or patch reefs broadcasting 
sounds, preferences for various sound playbacks within choice chambers moored in 
open water, or changes in swimming behavior of larvae released in open water and 
exposed to sound playback (Table 5.7; see Montgomery et al. 2006 for a review). 
Throughout these studies, however, there has been no standardization of the sounds 
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that are broadcast (type, distance, sound pressure level). Some of the studies have 
measured spectral propagation of the reef sound playback to determine at what distance 
certain frequencies were audible; however, none reported results of a more detailed 
comparison of the sound quality of the reef sound after playback. Sound propagation 
underwater can be affected by a multitude of factors including water depth, temperature 
stratification, bottom material and topography (Au and Hastings, 2008; Chapter 4). As 
indicated by the results of this study, and other studies of fish sound propagation (Fine 
and Lenhardt 1983, Mann and Lobel 1997), fish sounds may be audible at a distance, but 
may no longer resemble the original sound. Underwater acoustic playback experiments 
should test for quality and fidelity to the original sound, in addition to audible amplitude 
levels  
The Lubell LL964 and Electro-Voice UW30 speakers have been utilized in many 
reef sound playback experiments (Table 5.7). The Lubell Inc. manual states that the 
LL964 (and the comparable LL98 model) speakers are made for high power playback 
(SPL of 183-193 dB and distances up to 500 m) and are thus good choices for the 
presentation of high amplitude sounds. However, the Lubell LL964 speaker drops 10 dB 
in speaker output for every 200 Hz drop in frequency below 900 Hz (Tolimieri et al. 
2004), and the LL9612T model appears to do the same (Figure 5.10). Thus, Lubell 
speakers may not be ideal for the presentation of sounds below 900Hz, the frequency 
range of the majority of fish sounds (> 1 kHz; Kasumyan 2008). High-powered Lubell 
speakers are probably best for higher-frequency sounds (> 900 Hz) at high amplitude 
sound pressure levels, such as in the playback of tonal sounds like those produced by 
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orcas (Deecke et al. 2002, Curé et al. 2012) and other marine mammals (see Deecke 
2006 for a review of marine mammal acoustic playback), or for the playback of reef 
sounds when low-frequency components are not of primary interest. Larval fishes are 
most attracted to the high-frequency invertebrate components of reef noise (> 2 kHz; 
(Simpson et al. 2008). Therefore, Lubell speakers are appropriate for coral reef sound 
playback when testing larval fish attraction. However, if one was particularly interested 
in the fish-produced components of reef noise, the Clark Synthesis speakers could be 
used to better produce the fish-dominated lower frequency components of reef noise if 
a lower sound pressure level of playback was sufficient. 
Future Technology 
As more advanced technology for acoustic playback and recording is developed, 
our ability to conduct realistic underwater playback experiments will grow. A recent 
paper has reported a newly designed electromagnetic acoustic playback system that can 
produce underwater low-frequency sounds (10 Hz – 3 kHz) with high fidelity (Fonseca 
and Alves 2012; Figure 5.10). This prototype system was designed specifically for use in 
fish acoustic playback experiments and is stated to produce a more accurate playback of 
low-frequency fish sounds than any current underwater speaker system. This proposed 
speaker is driven solely by electromagnetic forces and lacks an elastic membrane, thus 
eliminating unwanted resonance. In addition, the system does not feature any enclosed 
air allowing it to function correctly regardless of water depth and pressure (Fonseca and 
Alves 2012). Tests of playback quality were only reported for the prototype system at  
  
 
Figure 5.10 Frequency response of the electromagnetic acoustic playback system designed by 
Fonseca and Alves (2012) and the Lubell LL9162T underwater speaker. Figure contributed by 
P.J. Fonseca and J. M. Alves 
 
low amplitude levels and short distances of up to 12 cm
models of this system will perform well for playback of higher amplitude sounds at 
further distances. The electromagnetic playback system was not 
it has the potential to be a very good equipment c
specifically using low-frequency, pulsed, fish sounds at close distance, if and when it 
becomes widely available.
production of the playback system
159 
; it remains to be seen if larger 
tested in this study, but 
hoice for future playback experiments 
 The system designers intend to pursue future commercial 
 (Pers. Comm., J. M. Alves). 
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CONCLUSIONS 
The Clark Synthesis speakers were the best choice for underwater sound 
playback of the low-frequency pulsed fish sound of Tramitichromis intermedius at a higher 
sound pressure level playback (135 dB) at distances between 20 cm and 1.5 m. The 
Clark Synthesis speakers were also more successful at overcoming situations of high 
levels of ambient noise in the enclosed recording environment than the other speakers 
tested. However, the Electro-Voice UW30 was the best speaker for low amplitude (< 
120 dB) underwater playback of the test sound at distances of less than 20 cm in a quiet 
aquarium recording environment. Thus, the Clark Synthesis speakers are appropriate 
for the broadcast of louder fish sounds at moderate distances, whereas the UW30 
speaker is more appropriate for studies involving the playback of fish sounds at low 
amplitudes and at close distances - analogous to the distance and amplitude parameters 
that naturally occur in behavioral interactions between fish.  
The Lubell LL98 speaker did not perform as well as the Clark Synthesis or 
UW30 speakers at producing an accurate playback of the test sound at low sound 
pressure levels in a quiet aquarium environment, but it was more successful than the 
UW30 speaker at overcoming ambient noise in a noisy recording environment. Playback 
using the Lubell LL98 was not conducted at optimal depth conditions during this study. 
Nevertheless, the specifications of Lubell speakers make them likely to be the best 
choice for powerful playback of frequencies above 900 Hz at great distances, but they 
are not ideal systems for the playback of low-frequency fish sounds.  
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The Oceanic H2O Audio DV headphone system was also a good playback unit 
for quiet (< 120 dB), short distance (< 25 cm), low-frequency fish sound playback, and is 
an ideal system for use in situations where portability is necessary. Of the systems 
tested in this study, this was the only unit capable of playback in deep water (66 m). The 
Oceanic Technology Systems earphone did not perform accurate playback of the low-
frequency fish sound compared to the other systems in this study.  
Many factors must be considered when choosing a speaker for experimental 
underwater sound playback with fish. Understanding the limitations and capabilities of 
available commercial speakers allows the user to choose a system that will perform 
quality playback of sounds at the intended playback frequency, amplitude, water depth, 
and distance. Regardless of the underwater acoustic system chosen for use in a playback 
experiment, a recording of the playback signal for comparison to the original sound 
should always be conducted to determine if the sound produced by the playback system 
is of sufficient quality for the experiment in mind. 
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Chapter 6: Determining the required number of recorded calls and 
individuals to describe a species-specific fish sound 
 
 
Abstract 
 
Dependent upon the variability of calling behavior, within and between 
individuals of the same species, the sample size needed to describe fish sounds changes 
by species. This study suggests the examination of the coefficient of variation of the 
sound characteristics of data, coupled with resampling techniques, to characterize the 
variability of a sample. The variability in a sample can be used to approximate necessary 
sample sizes for the description of sounds. This method was illustrated by estimating the 
sample size of recordings needed to accurately describe the courtship sounds of two 
species of fish, the damselfish, Dascyllus albisella, and the toadfish, Batrachoides gilberti. 
Field recordings of sounds produced by these fishes were analyzed for call 
length, pulse or note rate, pulse or note repetition rate, and number of pulses or notes 
per call. The necessary number of recorded calls per individual was determined by 
defining at what sample size the coefficient of variation of 100 smaller, randomly chosen, 
sub-sets of data reached a variation of less than 5%. The coefficient of variation of data 
from an increasing number of individuals was used to determine what number of 
recorded individuals was sufficient to describe the species-level variability of the call by 
observing at what sample size the coefficient of variation no longer changed. Pulse or 
note rate and repetition rate were found to be potential individual identifiers in both D. 
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albisella and B. gilberti, due to the stereotyped nature of these call parameters. It was 
estimated that 10-15 sounds from each of three individuals were needed to describe the 
least variable call parameter of pulse rate and repetition rate for D. albisella, which had a 
coefficient of variation of < 15% within individuals and 14% between individuals. It was 
estimated that five sounds from greater than five individuals were needed to describe 
the note rate and repetition rate in B. gilberti, which had a coefficient of variation of < 
8% within individuals and 12% between individuals. The results of this study provide 
reference points of suggested sample sizes to inform future damselfish and toadfish 
sound descriptions, and presents a method that can be used to characterize the 
variability of a sample. 
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INTRODUCTION 
Defining and determining differences in sounds between animal species allows 
scientists to not only distinguish species by sound, but to also identify cryptic species 
(Henry 1993, Kingston et al. 2001, Henry et al. 2009), to examine the evolution of 
acoustic behavior (Gerhardt 1994, Ryan and Rand 1995), and to examine the role of 
acoustic communication in reproductive isolation between species (Stratton and Uetz 
1981, Wells and Henry 1992, Podos 2001, Slabbekoorn and Smith 2002, Patten et al. 
2004). Defining and determining differences in sounds between the individuals of a 
species is also important, allowing for investigation into intraspecific social interactions, 
acoustic signal involvement in individual reproductive success, and mate choice within a 
species (Grace and Shaw 2012, Maruska et al. 2012).  
The study of animal bioacoustics often begins with description of the sounds 
produced by a species of interest. These descriptions of species specific sounds are the 
first step in determining the role and importance of sound signals in behavior, and a 
deeper understanding of sound signal functions and importance has been successful in 
many species of birds (Marler and Slabbekoorn 2004), anurans (Ryan 1985, Gerhardt 
1994), and to a more limited degree, in fishes (Fine et al. 1977, Myrberg 1981, Kasumyan 
2009).  Among fishes, there is evidence that many fish sounds are species-specific and 
associated with certain behaviors (Fine et al. 1977, Myrberg 1981, Myrberg and Riggio 
1985, Myrberg et al. 1986, Lobel 1998, Lobel 2001, Amorim et al. 2004, Amorim 2006, 
Amorim et al. 2008, Mosharo and Lobel 2012).  
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Furthermore, the study of fish bioacoustics can be particularly advantageous 
since the observation and monitoring of aquatic animals can be more challenging than 
for terrestrial species. Examining the variation between the sounds produced by 
different fish species and determining their associated behaviors provides scientists with 
the capability to identify the presence of vocal species, as well as the timing and 
occurrence of important behaviors, by listening to underwater sounds. An 
understanding of the acoustic behavior of vocal fishes allows scientists to determine 
which species produce low-variability sounds that are strongly associated with behaviors 
for use with this acoustic monitoring, a less destructive and less costly method of 
collecting data that can be useful in addition to the traditional methods of visual 
observation or fish collection, to provide information for fish conservation and 
management (Lobel 2002, Rountree et al. 2006, Luczkovich et al. 2008).  
There are many fish sound descriptions in the literature; however, the sample 
sizes used to describe these sounds is wide-ranging. For example, the sounds from only 
a single male were recorded to describe each of six species of Lake Malawi cichlid, using 
4-17 sounds recorded from each male for species sound description and comparison 
(Danley et al. 2012). In a different study, sounds of Lake Malawi cichlid species were 
described using recordings of sounds from 4-14 males per species, with 10 recorded 
sounds from each individual (Amorim et al. 2004, Amorim et al. 2008). A study 
describing the sounds of the grey gurnard utilized a sample size of 968 sounds from 32 
different individuals to describe species feeding sounds, and a gadoid species sound was 
described using 36 to 64 sounds recorded from only two males (Almada et al. 1996). 
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There are currently no agreed-upon standards for the sample sizes necessary to define a 
species sound in the fish bioacoustic community, in part because the variability of sounds 
differs between species. This paper presents a method to characterize the variability in a 
sample of acoustic recordings, which can aid in determining what sample sizes are 
needed to fully describe a sound. 
The logistics of recording the acoustic signals of animals also makes it difficult to 
successfully collect a pre-determined sample size of recordings. Sounds are 
instantaneous and recording equipment must be set up in advance to capture them. This 
becomes challenging when the timing of sound production is not always predictable and 
the location of a subject is not easily controlled in order to obtain a clear recording. 
Often what is used to describe a sound is the number of quality recordings that it was 
possible to obtain. However, the goal of a sound description is to report the context in 
which the sound is made, as well as the entire range of variability produced by an 
individual or by the entire species, provoking the questions: how many individuals do 
you need to record, and how many sounds from each individual are needed, to 
successfully capture the variability shown in a species’ sound?  
Sound descriptions in the literature appear to fall into two categories. Many 
descriptions of fish sounds in the literature report a straight description of a species 
sound that has not been previously recorded or reported. These sound descriptions 
often report average sound parameters for the sound of interest and present the sample 
size used without explaining why that sample size was utilized (e.g., Lobel 1992, Lobel 
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1996). A second type of sound description provides a comparison between different 
groups of sounds - different sound types, sounds of multiple individuals, or sounds of 
different species - and this comparison is often performed using a t-test or an analysis of 
variance to detect the presence of significant differences between groups (Crawford et 
al. 1997, Lobel 1998, Lobel 2001, Amorim et al. 2004, Amorim et al. 2008, Danley et al. 
2012).  Although the existence of significant differences between groups is a valuable 
result, it is not intended to characterize the full range of variability for each group. 
Since the amount of variability of a sound will differ between species and within 
individuals, there is no general sample size that is sufficient for the description of all fish 
sounds, or any animal signal.  This study presents a method that can provide a general 
indication of how close a sample of acoustic recordings comes to describing all of the 
variability in an individual’s sound, or in the sounds of an entire species for a specific call 
characteristic. This method can be used to aid in the determination of sufficient sample 
sizes for the description of sounds, whether it is the number of recordings needed from 
each individual, or the number of different individuals that need to be recorded to 
describe a species sound. This method was utilized to provide estimations of target 
sample sizes for the description of courtship sounds of two species of fish, Dascyllus 
albisella, the domino damselfish, and Batrachoides gilberti, the large-eye toadfish.   
Batrachoides gilberti 
Toadfish (Batrachoididae) are some of the fishes in which acoustic signals were 
first extensively studied, and research on toadfish has provided important insights into 
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fish acoustic behavior and communication. Studies of Opsanus tau, the oyster toadfish, 
helped to reveal the biological significance of fish sounds, as well as the importance of 
temporal patterning of sounds for species recognition and conspecific response (Winn 
1964, Winn 1967, Fish 1972, Winn 1972). 
Toadfishes produce a high-amplitude tonal sound called a boatwhistle call, 
making their sounds easy to record (e.g., Halobatrachus didactylus: 140 dB re 1 µPa at 20 
cm distance, Vasconcelos et al. 2007; Opsanus tau: 40 dB: 1 dyn/cm2, equivalent to 114 
dB re: 0.0002 dyn/cm2, Tavolga 1971). The sounds of 6 out of 79 species of toadfishes 
have currently been described (Greenfield et al. 2008, Rice and Bass 2009, Mosharo and 
Lobel 2012), and the number of notes per call differs between species, e.g., O. tau 
produces a single note boatwhistle call and S. astrifer, Opsanus beta, and Batrachoides 
gilberti produce a multi-note boatwhistle call.  In toadfish, a call is considered to be one 
bout of sound production that may consist of a series of sounds (Kihslinger and Klimley 
2002), or repeated acoustic units, called notes. A note is considered to be a distinct 
sound within the call that is seen as one continuous line on a spectrogram (Marler and 
Tamura 1962, Thompson et al. 1994), and is also defined as a sound unit by Winn 
(1964); notes are usually used to describe call components in species that produce tonal 
sounds, and the term was agreed on for use in describing the sound components of 
toadfish boatwhistle calls (Pers. Comm., M. L. Fine). 
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Dascyllus albisella 
The reproductive and acoustic behaviors of damselfish (Pomacentridae) have 
also been extensively studied and have provided insights into the importance and coding 
of fish sound communication. Research by A. A. Myrberg, Jr., and others, on Stegastes 
spp. (also known as Pomacentrus and Eupomacentrus), provided further evidence that the 
temporal aspects of fish sounds were transmitting information for species identity. 
Specifically, the number of pulses and pulse interval in the courtship dip were utilized by 
Stegastes partitus for species identification (Myrberg and Spires 1972, Myrberg et al. 
1978, Spanier 1979, Myrberg et al. 1986), In addition, S. partitus sounds were shown to 
be used for individual identification (Myrberg and Riggio 1985, Myrberg et al. 1993), for 
male interception and competition (Kenyon 1994), and to have the potential to 
influence female mate choice (Myrberg et al. 1986).  
Damselfish males perform a ‘courtship dip’ or ‘signal jump’ behavior to attract 
females to spawn, in which the male rises in the water column and then quickly swims 
down while producing sound (Myrberg et al. 1978, Spanier 1979, Lobel and Mann 1995). 
This courtship dip sound is a train of relatively broadband, low-frequency pulses, with a 
duration of hundreds of milliseconds (Lobel and Mann 1995, Parmentier et al. 2009). 
The number of pulses within each courtship sound are counted in this non-tonal, pulsed, 
sound type (Kihslinger and Klimley 2002). Recent work has determined that certain 
sound parameters of the courtship dip sound such as call duration, differ between 
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Dascyllus species, but the call parameter of inter-pulse interval can differ at the 
population level (Parmentier et al. 2009).  
Bioacoustic research has also focused on the species Dascyllus albisella, the 
domino damsel fish. Courtship dip and mating sounds have been described, and 
frequency was determined to differ with male size (Lobel & Mann 1995). It was found, 
however, that the acoustic parameters of the courtship dip sound were not involved in 
female mate choice, but mean calling rate (visual and acoustic cues) was correlated with 
male reproductive success (Oliver and Lobel 2013). 
Objectives of this Study 
The goal of this study is to present a method that utilizes coefficient of variation 
and data resampling to examine sound variation, a method that future scientists can 
utilize to indicate the likelihood that a recorded sample of sounds are sufficient to 
describe the full-range of variability in a group of sounds. The estimation of a necessary 
sample size when describing the courtship sounds of these fishes is presented in the 
hopes that it will be useful for future bioacoustic research in these groups. The method 
is illustrated through application to toadfish and damselfish sounds, fish that have been, 
and continue to be, important in the study of fish bioacoustics. 
  
171 
 
 
MATERIALS & METHODS 
The variability within the call parameters of individuals and between multiple 
individuals was determined for available sound recordings of Dascyllus albisella and 
Batrachoides gilberti. This variation in relation to the sample size of recordings was used 
to examine the minimum sample size of recordings needed to represent the 
approximate full-range of variability within one individual’s calls and the approximate full-
range of variability for the species. Sounds of D. albisella were recorded at Johnston 
Atoll in 1991 using a hydrophone connected to an underwater video camera, and 
sounds of B. gilberti were recorded in Belize in 2007 and 2008 using a Canon Powershot 
A570IS or SD900 digital camera in an underwater housing. Sounds were digitized from 
video files at 44.1 kHz (16-bit resolution) and analyzed using Raven Pro software v. 1.4 
(Cornell Lab of Ornithology). 
Each sound component of a toadfish boatwhistle call, with multiple parts, is 
referred to as a note (Mosharo and Lobel 2012), as defined by Isaac and Marler for birds 
(1963). However, these “notes” have also been called “hoots” (Tavolga 1958, Fine et al. 
1977, Rice and Bass 2009) and “boops” (Thorson and Fine 2002, Thorson and Fine 
2002, Fine and Thorson 2008) in the literature. The pulsed non-tonal sounds of 
damselfish are measured in number of pulses (Kihslinger and Klimley 2002). For 
simplicity, this paper will refer to measurements in pulses when describing 
measurements for both damselfish and toadfish, with the understanding that this also 
refers to the term notes, hoots, or boops (all terms for the sound component of a 
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boatwhistle call) when describing toadfish boatwhistle calls. The term notes will be used 
when referring to toadfish sound characteristics alone. 
The courtship calls of five different individuals of Dascyllus albisella, and six 
individuals of Batrachoides gilberti were analyzed for the following sound parameters: call 
length (CL), number of pulses per call (P), pulse rate (PR), and pulse repetition rate 
(PRR). Call length was measured from the waveform and measured as the duration of 
time from the onset of the first note or pulse of a call, until the end of the last pulse of 
the call, including periods of silence between pulses (bout duration in Kihslinger & 
Klimley 2002). The number of pulses per call was an integer count of the number pulses 
within a call. Pulse rate was calculated by dividing the call length by the number of pulses 
and is reported in units of time per pulse (PR=CL/P), as used by Lobel (1998). Pulse 
repetition rate is the inverse of pulse rate, and was calculated by dividing the number of 
pulses or notes by the call length (PRR=P/CL), and is reported in pulses per second, as 
used by Crawford et al. (1997). The call parameters of both pulse rate and pulse 
repetition rate provide a description of the temporal pulse patterning in a call and 
incorporate total call duration, the duration and number of pulses within a call, and the 
duration of silence between them (Fine et al. 1977). Both call parameters have been 
utilized in fish sound descriptions in the literature (Kihslinger and Klimley 2002). 
See Figure 6.1 and Figure 6.2 for call parameter delineation in the boatwhistle 
call of B. gilberti, and the courtship dip sound of D. albisella, respectively. 
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Figure 6.1 Oscillogram and spectrogram from a representative courtship dip call of Dascyllus 
albisella (P=pulse, CL = call length). 
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Figure 6.2 Oscillogram and spectrogram from a representative boatwhistle call of Batrachoides 
gilberti (N=note, CL = call length). 
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Determination of Number of Recorded Calls Needed to Describe Individual 
Call Characteristics 
To determine the sample size needed to describe the variability found in the call 
characteristics of an individual of a species, the coefficient of variation for each call 
characteristic for all available recordings was plotted against the sample size of recorded 
calls. Sub-samples were drawn at random from the parent sample to obtain desired 
sample sizes lower than those of the original dataset for each individual. Points from the 
original datasets were randomly chosen with replacement at sample sizes beginning at 
n=5, and increasing in increments of five, up to the sample size of the original number of 
recorded calls. Sub-sampling was repeated 100 times for each sample size to provide a 
robust estimate of variability at each sample size for each individual.  
In accordance with the central limit theorem, the coefficient of variation of the 
means of these sub-sets decreased as the sample size increased, since standard deviation 
decreases as sample size increases, and coefficient of variation is the standard deviation 
over the mean. This is illustrated by the stabilization of the coefficient of variation with 
increases in sample size in a theoretical plot of coefficient of variation vs. sample size of 
randomly-generated normally-distributed datasets that have the same mean, but differing 
standard deviations (Figure 6.3). For datasets with a smaller standard deviation, the 
coefficient of variation stabilizes at a lower level of variability and more quickly with 
increases in sample size. However; the coefficient of variation for all of the datasets  
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Figure 6.3 A theoretical plot of the coefficient of variation of randomly-generated datasets vs. 
sample size when the data have the same mean and differing standard deviations. 
 
eventually begins to level-off, and changes less with increased sample size as sample size 
increases. 
The sample size at which all recorded individuals of a species displayed < 5% 
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necessary to sufficiently describe the call parameter for individuals of that species. It is 
unknown, however, whether this level of difference is behaviorally significant to the fish.  
Additionally, to illustrate the effect of a lower sample size of recordings on call 
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data set, without replacement to simulate having recorded only 5 or 10 of the existing 
calls from each individual. This resampling was repeated ten times, with replacement of 
previously chosen data points between each iteration, providing ten ‘potential’ data sets 
of n=5 and n=10 calls for comparison. The call characteristic of pulse rate was utilized 
for this demonstration of the effects of lower sample sizes on call characteristic 
description since it had the least amount of variation of those measured in both species, 
possibly indicating its possible use in species identification. An analysis of variance across 
the ten potential data sets of lower sample size, and a student’s t-test between all paired 
potential data sets, were completed using JMP v. Pro 10 statistical software to 
determine if the mean pulse rate calculated from each of the smaller ‘potential’ data sets 
was equal, or if significantly different mean values could have occurred due to low 
sample size. However, these data are not independent since each resampled dataset 
originates from the same parent dataset, and this could have an effect on the accuracy of 
analysis results. 
Determination of Number of Individuals Needed to Describe Species Call 
Characteristics 
The second step is to determine the number of recorded individuals needed to 
describe the variability found in the call parameters of a species. The amount of call 
variability often differs between individuals of the same species; however, with 
recordings from enough individuals, the amount of variability in a sample will approach a 
stable species-level of variability. Therefore, the coefficient of variation (CV) for each 
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call parameter was plotted against the number of individuals recorded. For each increase 
in the number of individuals in the sample, the call data from an additional individual was 
added to the analysis. However, an equal number of calls per individual should be used 
to avoid unequal weighting of the analysis toward an individual that has more available 
data. It is likely best to use the smallest available sample size of number of recorded calls 
from an individual for all of the recorded individuals. The number of individuals at which 
CV no longer appeared to change, was used to determine the sample size necessary to 
sufficiently describe the variability in a call parameter for the species.  
By combining the results of the call variation analysis for both within individuals, 
and for the species, a suggested sample size of number of recorded calls needed from 
each individual and the number of recorded individuals needed to fully describe a 
species sound was estimated. 
 
RESULTS 
Dasyllus albisella - Number of Recorded Calls Needed to Describe Call 
Characteristics within Individuals 
Within Individual Variability in Pulse Rate 
Dascyllus albisella had an average pulse rate (CL/P) of 30.57 ms/pulse, with a 
larger coefficient of variation between individuals (CVb = 0.796) than within individuals 
(CVw < 0.15). The ratio of CVb/CVw > 1 for all D. albisella males, except for Fish 2.  
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Table 6.1 Variation in pulse rate for the Dascyllus albisella male courtship dip sound  
Fish Pulse Rate (ms/pulse) n SD CVw CVb CVb/CVw 
1 43.27 52 3.14 0.07 0.14 1.93 
2 49.47 36 7.62 0.15 0.14 0.91 
3 52.02 28 5.85 0.11 0.14 1.25 
4 48.48 12 5.88 0.12 0.14 1.16 
5 44.03 25 6.02 0.14 0.14 1.03 
 
When the coefficient of variation for pulse rate of D. albisella individuals was 
plotted against bootstrapped sample size of recorded calls (Figure 6.4), variation levels 
for each recorded individual fell below 5% at a sample size of > 10.  
Bootstrapped datasets of n=10 (sampled without replacement) showed no 
significant difference in means between subsampled groups of pulse rate data from Fish 1 
(ANOVA, F(9,90)=0.437, p=0.9116); see a boxplot of this data in Figure 6. 5. Fish 1 had 
the largest sample size (n=52) and the lowest variance (CVw = 0.07) of the five fish. 
However, with smaller random samples (n=5), some subsets differed significantly from 
each other based on a paired t-test (α = 0.05), though the data are from the same 
individual. ANOVA results found no significant difference between the means of the 
different subsets of data F(9,40)=1.1995, p=0.3222); see a boxplot of this data in Figure 
6.6. 
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Figure 6.4 Coefficient of variation of the 100 bootstrapped sample means for the pulse rate of 
D. albisella individuals plotted at each sample size. The dotted line indicates a 5% level of 
variation. The data suggest that a sample size of 10 calls recorded per individual is sufficient to 
capture an individual’s variation in pulse rate.  
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Figure 6.5 Boxplot of ten bootstrapped subsets (n=10 recorded calls) of pulse rate data from 
one individual of Dascyllus albisella (Fish 1). The data subsets did not show significant differences 
in mean pulse rate between groups. The upper and lower limits of each box indicate the 1st and 
3rd quartile, and whiskers indicate 1.5 times the absolute value between the 1st and 3rd quartiles. 
The median is indicated by the dark black line within each box, and open circles indicate outliers 
in the data.  
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Figure 6.6 Boxplot of ten bootstrapped subsets (n=5 recorded calls) of pulse rate data from 
one individual of Dascyllus albisella (Fish 1). The upper and lower limits of each box indicate the 
1st and 3rd quartile, and whiskers indicate 1.5 times the absolute value between the 1st and 3rd 
quartiles. The median is indicated by the dark black line within each box, and open circles 
indicate outliers in the data. They symbols * and # indicate datasets that were found to 
significantly differ from each other using a paired t-test.   
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Within Individual Variability in Pulse Repetition Rate 
Dascyllus albisella had an average pulse repetition rate (P/CL) of 21.8 pulses per 
second, with a similar coefficient of variation between individuals (CVb = 0.14) and 
within individuals (CVw < 0.18). The ratio of CVb/CVw  > 1 for all D. albisella males, 
except for Fish 2.  
When the coefficient of variation for pulse repetition rate of D. albisella 
individuals was plotted against bootstrapped sample size of recorded calls (Figure 6.7), 
variation level for all individuals fell below 5% with a sample size of > 15.  
 
Table 6.2 Variation in pulse repetition rate for the Dascyllus albisella male courtship dip sound  
 
Fish 
Pulse 
Repetition 
Rate 
(pulses/s) 
n SD CVw CVb CVb/CVw 
1 23.2 52 1.63 0.07 0.14 2.00 
2 20.8 36 3.70 0.18 0.14 0.78 
3 19.5 28 2.56 0.13 0.14 1.08 
4 23.1 25 3.16 0.14 0.14 1.00 
5 20.9 12 2.87 0.14 0.14 1.00 
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Figure 6.7 Coefficient of variation for pulse repetition rate of D. albisella individuals plotted 
against bootstrapped sample size. The dotted line indicates a 5% level of variation. The data 
suggest that a sample size of 15 calls recorded per individual is sufficient to capture an 
individual’s variation in pulse rate.   
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Within Individual Variability in Call Length 
Dascyllus albisella had an average call length of 290.19 ms, with a similar 
coefficient of variation between individuals (CVb = 0.30) and within individuals (CVw < 
0.34). The ratio of call length CVb/CVw was not > 1 for all D. albisella males. 
The plot of the coefficient of variation for call length of D. albisella individuals 
plotted against the bootstrapped sample size of recorded calls (Figure 6.8) suggested 
that variation levels for each individual would fall below 5% with a sample size of > 35 
recorded calls. 
 
Table 6.3 Variation in call length for the Dascyllus albisella male courtship dip sound.  
 
Fish Mean Call Length (ms) n SD CVw CVb CVb/CVw 
1 251.79 52 32.72 0.13 0.30 2.27 
2 311.61 36 77.43 0.25 0.30 1.19 
3 364.07 28 112.28 0.31 0.30 0.96 
4 242 25 83.19 0.34 0.30 0.86 
5 323.58 12 56.36 0.17 0.30 1.70 
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Figure 6.8 Coefficient of variation for call length of D. albisella individuals plotted against 
bootstrapped sample size. The dotted line indicates a 5% level of variation. The data suggest that 
approximately 35 calls per individual may be needed to capture an individual’s variation in call 
length. 
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Within Individual Variability in Number of Pulses per Call 
Dascyllus albisella had an average number of pulses per call of 6.16 pulses, with a 
similar coefficient of variation between individuals (CVb = 0.22) and within individuals 
(CVw < 0.32). The ratio of call length CVb/CVw was not > 1 for all D. albisella males. 
The plot of the coefficient of variation for number of pulses per call of D. albisella 
individuals vs. bootstrapped sample size of recorded calls (Figure 6.9) suggested that 
variation levels for each individual would fall below 5% with a sample size of > 35 
recorded calls.  
 
Table 6.4 Variation in number of pulses per call for the Dascyllus albisella male courtship dip 
sound  
Fish Mean # Pulses  n SD CVw CVb CVb/CVw 
1 5.9 52 0.72 0.12 0.22 1.79 
2 6.3 36 1.08 0.17 0.22 1.27 
3 7.0 28 1.86 0.27 0.22 0.82 
4 5.5 25 1.76 0.32 0.22 0.69 
5 6.7 12 0.78 0.12 0.22 1.88 
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Figure 6.9 Coefficient of variation for number of pulses per call of D. albisella individuals plotted 
against bootstrapped sample size. The dotted line indicates a 5% level of variation. The data 
suggest that approximately 35 calls per individual may be needed to capture an individual’s 
variation in number of pulses per call. 
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Dacyllus albisella - Number of Recorded Individuals Needed to Describe 
Species Call Parameters 
The number of recorded individuals necessary to describe the species variability 
in call parameters was determined by plotting the coefficient of variation against the 
number of recorded individuals. As the number of recorded individuals increased, data 
from an additional individual was included in the coefficient of variation calculation. The 
point at which the coefficient of variation no longer changed was used to estimate the 
sample size necessary to describe the species variability. The following CV curves 
indicate the number of recorded individuals that are needed to describe the variability of 
each courtship dip call parameter in D. albisella.  
Species Variability in Pulse Rate 
The coefficient of variation (CV) of D. albisella pulse rate data plotted against the 
number of recorded individuals appears to show a plateau of CV at a sample size of 
three recorded individuals (Figure 6.10). This indicated that the species level of variation 
in pulse rate in D. albisella was likely 14%, and that recording three individuals was 
sufficient to capture the variation in the pulse rate call parameter for the species.  
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 Figure 6.10 Coefficient of variation of pulse rate plotted against number of individuals 
recorded for D. albisella.  
 
 
 
Species Variability in Pulse Repetition Rate 
The coefficient of variation (CV) of D. albisella pulse repetition rate data plotted 
against the number of recorded individuals included in the analysis appears to show a 
plateau of CV at sample sizes of only three (Figure 6.11). This indicated that the 
variation of pulse repetition rate in D. albisella was likely 14%, and that recording three 
individuals was sufficient to capture the variation in pulse repetition rate for the species, 
identical to the results found using the similar call parameter of pulse rate.  
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Figure 6.11 Coefficient of variation of pulse repetition rate plotted against the number of 
individuals recorded for D. albisella.  
 
 
 
Species Variability in Call Length 
The coefficient of variation (CV) of D. albisella call length data plotted against the 
number of recorded individuals included in the analysis appears to begin to show a 
plateau of CV at sample sizes between three and five individuals (Figure 6.12). However, 
the CV curve does not completely level out, thus more individuals may be needed to 
provide a better estimate of the number of recorded individuals needed to capture all of 
the species variability in call length. The data indicated that the variation of call length in 
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D. albisella was likely ~30%, but recording greater than five individuals are recommended 
to capture the variation in call length for the species.  
Figure 6.12 Coefficient of variation of D. albisella call length plotted against the number of 
individuals recorded.  
 
 
 
Species Variability in Number of Pulses per Call 
The coefficient of variation (CV) of D. albisella number of pulses per call data 
plotted against the number of recorded individuals included in the analysis does not 
show a plateau of CV at sample sizes of five individuals (Figure 6.13). The CV curve 
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that recording greater than five individuals was needed to capture the variation in 
number of pulses per call for the species.  
 
Figure 6.13 Coefficient of variation of number of pulses per call plotted against the number of 
individuals recorded for D. albisella.  
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Batrachoides gilberti - Number of Recorded Calls Needed to Describe 
Individual Call Parameters 
Within Individual Variability in Note Rate 
Batrachoides gilberti had an average note rate (CL/N) of 0.458 s/note, with a 
larger coefficient of variation between individuals (CVb =0.12) than within individuals 
(CVw < 0.08). The ratio of CVb/CVw > 1 for all B. gilberti males. 
 
Table 6.5 Variation in note rate for the Batrachoides gilberti male boatwhistle call  
 
Fish 
Mean Note 
Rate 
(s/note) 
n SD CVw CVb CVb/CVw 
1 0.439 70 0.02 0.05 0.12 2.55 
2 0.474 70 0.04 0.08 0.12 1.63 
3 0.569 48 0.04 0.07 0.12 1.69 
4 0.423 68 0.03 0.07 0.12 1.82 
5 0.457 74 0.04 0.08 0.12 1.55 
6 0.415 59 0.03 0.08 0.12 1.50 
 
The coefficient of variation for note rate of B. gilberti plotted against the number 
of recorded calls (Figure 6.14) indicated that variation levels for each individual fell 
below 5% with a sample size of >  five recorded calls.  
Bootstrapped datasets of n=10 (ANOVA, F(9,90)=0.9391, p=0.4957) and n=5 
(F(9,40)=0.4521, p=0.8975) showed no significant difference in means between subsets 
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of note rate data from a single individual; boxplot of n=10 datasets is shown in Figure 
6.15, and n=5 datasets in Figure 6.16.  
 
Figure 6.14 Coefficient of variation for note rate of B. gilberti plotted against bootstrapped 
sample size. The dotted line indicates a 5% level of variation. The data suggest that a sample size 
of five calls recorded per individual is sufficient to capture an individual’s variation in note rate. 
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Figure 6.15 Boxplot of ten bootstrapped subsets (n=10 recorded calls) of note rate data from 
one individual of Batrachoides gilberti (Fish 1). The data subsets did not show significant 
differences in note rate between groups. The upper and lower limits of each box indicate the 
1st and 3rd quartile, and whiskers indicate 1.5 times the absolute value between the 1st and 3rd 
quartiles. The median is indicated by the dark black line within each box, and open circles 
indicate outliers in the data. 
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Figure 6.16 Boxplot of ten bootstrapped subsets (n=5 recorded calls) of note rate data from 
one individual of Batrachoides gilberti (Fish 1). The data subsets did not show significant 
differences in note rate between groups. The upper and lower limits of each box indicate the 1st 
and 3rd quartile, and whiskers indicate 1.5 times the absolute value between the 1st and 3rd 
quartiles. The median is indicated by the dark black line within each box, and open circles 
indicate outliers in the data.  
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Within Individual Variability in Note Repetition Rate 
Batrachoides gilberti had an average note repetition rate of 2.2 notes per second, 
with a larger coefficient of variation between individuals (CVb = 0.12, n=6 individuals) 
than within individuals (CVw < 0.09). The ratio of note repetition rate CVb/CVw > 1 for 
all B. gilberti males. 
The coefficient of variation for note repetition rate of B. gilberti plotted against 
the number of recorded calls (Figure 6.17) indicated that variation levels for each 
individual fell below 5% with a sample size of > five recorded calls.  
 
Table 6.6 Variation in note repetition rate for the Batrachoides gilberti male boatwhistle call 
 
Fish 
Mean Note 
Repetition 
Rate 
(notes/s) 
n SD CVw CVb CVb/CVw 
1 2.29 70 0.11 0.05 0.12 2.50 
2 2.12 70 0.18 0.08 0.12 1.40 
3 1.77 48 0.12 0.07 0.12 1.67 
4 2.38 68 0.17 0.07 0.12 1.59 
5 2.20 74 0.17 0.08 0.12 1.47 
6 2.43 59 0.21 0.09 0.12 1.34 
 
  
199 
 
 
Figure 6.17 Coefficient of variation for note repetition rate of B. gilberti individuals plotted 
against bootstrapped sample size. The dotted line indicates a 5% level of variation. The data 
suggest that approximately five calls per individual are needed to capture an individual’s variation 
in call length. 
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Within Individual Variability in Call Length 
Batrachoides gilberti had an average call length of 1.33 s, with a similar coefficient 
of variation between individuals (CVb = 0.30, n=6 individuals) and within individuals (CVw 
< 0.35). The ratio of call length CVb/CVw was not > 1 for all B. gilberti males. 
The coefficient of variation for pulse rate of B. gilberti plotted against the number 
of recorded calls (Figure 6.18) indicated that variation levels for each individual only fell 
below 5% with a sample size of > 50.  
 
Table 6.7 Variation in call length for the Batrachoides gilberti male boatwhistle call 
 
Fish Mean Call Length (s) n SD CVw CVb CVb/CVw 
1 1.41 70 0.32 0.22 0.30 1.33 
2 1.43 69 0.43 0.30 0.30 0.98 
3 1.53 48 0.34 0.22 0.30 1.32 
4 1.25 68 0.33 0.27 0.30 1.12 
5 1.16 74 0.38 0.33 0.30 0.91 
6 1.21 59 0.42 0.35 0.30 0.86 
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Figure 6.18 Coefficient of variation for call length of B. gilberti individuals plotted against 
bootstrapped sample size. The dotted line indicates a 5% level of variation. The data suggest that 
approximately 50 calls per individual are needed to capture an individual’s variation in call length. 
 
 
Within Individual Variability in Number of Notes per Call 
Batrachoides gilberti had an average number of notes per call of 2.9 notes, with a 
similar coefficient of variation between individuals (CVb = 0.27) and within individuals 
(CVw < 0.32). The ratio of call length CVb/CVw was not > 1 for all B. gilberti males. 
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Table 6.8 Variation in number of notes per call for the Batrachoides gilberti male boatwhistle call 
 
Fish Mean # Notes n SD CVw CVb CVb/CVw 
1 3.2 70 0.60 0.19 0.27 1.40 
2 3.0 69 0.81 0.27 0.27 0.97 
3 2.7 48 0.51 0.19 0.27 1.39 
4 2.9 68 0.73 0.25 0.27 1.07 
5 2.5 74 0.73 0.29 0.27 0.92 
6 2.9 59 0.91 0.32 0.27 0.84 
 
The coefficient of variation for number of notes per call of D. albisella plotted 
against the number of recorded calls (Figure 6.19) indicated that variation levels for each 
individual only fell below 5% with a sample size of > 40 recorded calls.  
  
203 
 
 
Figure 6.19 Coefficient of variation for number of notes per call of B. gilberti individuals plotted 
against bootstrapped sample size. The dotted line indicates a 5% level of variation. The data 
suggest that approximately 40 calls per individual are needed to capture an individual’s variation 
in number of notes per call. 
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Species Call Parameters 
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of variation no longer changed was examined. The following CV curves indicate the 
number of recorded individuals that are needed to describe the full range of variability in 
each boatwhistle call parameter for B. gilberti. 
Species Variability in Note Rate 
The coefficient of variation (CV) of B. gilberti note rate data plotted against the 
number of recorded individuals appears to show a plateau of CV at sample sizes of 
around three to five individuals (Figure 6.20). However, the CV curve does not 
completely level out, thus more individuals may be needed to provide a better estimate 
of the number of recorded individuals needed to capture all of the species variability in 
note repetition rate. The CV curve indicates that the variation of note rate in B. gilberti 
is likely 12-13%, and that recording three to six individuals may be sufficient to capture 
the variation in note rate for the species, however more than six recorded individuals is 
recommended.  
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Figure 6.20 Coefficient of variation of note rate plotted against the number of individuals 
recorded for B. gilberti. 
 
 
Species Variability in Note Repetition Rate 
The coefficient of variation (CV) of B. gilberti note repetition rate data plotted 
against the number of recorded individuals included in the analysis appears to begin to 
show a plateau of CV at sample sizes of around three to six individuals (Figure 6.21). 
However, the CV curve does not completely level out, thus more individuals may be 
needed to provide a better estimate of the number of recorded individuals needed to 
capture all of the species variability in note repetition rate. This CV curve indicates that 
the variation of note rate in B. gilberti is likely 11-12%, and that recording three to six 
individuals may be sufficient to capture the variation in note repetition rate for the 
species, but greater than six recorded individuals is recommended.  
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Figure 6.21 Coefficient of variation of note repetition rate plotted against the number of 
individuals recorded for B. gilberti. 
 
 
 
Species Variability in Call Length 
The coefficient of variation (CV) of B. gilberti call length data plotted against the 
number of recorded individuals included in the analysis does not show a plateau of CV 
at sample sizes of up to six individuals (Figure 6.22). The data indicate that the variation 
of call length in B. gilberti is likely ~30%, but that recording greater than six individuals is 
needed to capture the variation in call length for the species.  
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Figure 6.22 Coefficient of variation of call length plotted against the number of individuals 
recorded for B. gilberti. 
 
 
Species Variability in Number of Notes per Call 
The coefficient of variation (CV) of B. gilberti number of notes per call data 
plotted against the number of recorded individuals included in the analysis does not 
show a plateau of CV at sample sizes of up to six individuals (Figure 6.23). The data 
indicate that the variation of number of notes per call in B. gilberti is > 25%, and that 
greater than six recorded individuals are needed to capture the variation in number of 
pulses per call for the species.  
 
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
1 2 3 4 5 6
C
o
e
ff
ic
ie
n
t 
o
f 
V
a
ri
a
ti
o
n
Sample Size of Individuals
208 
 
 
Figure 6.23 Coefficient of variation of number of notes per call vs. the sample size of number 
of individuals recorded for B. gilberti.  
 
 
 
It appears that five individuals may be sufficient to describe the species variability 
in note rate of the boatwhistle call, but due to an unclear asymptote of the CV curve, it 
is recommended that greater than five recorded individuals of B. gilberti are used to 
describe note rate. 
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DISCUSSION 
The call parameters of pulse and note rate, and pulse and note repetition rate, 
were found to have the least amount of variability of the call parameters examined in 
the courtship sounds of Dascyllus albisella and Batrachoides gilberti. These call parameters 
appeared to be well-conserved within individuals of both D. albisella and B. gilberti, and to 
have the potential to be utilized for individual identification, more so in B. gilberti than in 
D. albisella. This makes pulse or note rate, and pulse or note repetition rate, likely 
acoustic parameters of behavioral relevance to the fishes, and thus, call parameters of 
interest to fish bioacousticians. These findings corroborate evidence in the literature 
that temporal aspects of fish sounds are those transmitting information for species 
identity in damselfishes and in toadfishes (Winn 1964, Winn 1972, Fine et al. 1977, 
Myrberg et al. 1978). The results for estimates of the number of recordings needed to 
describe pulse or note rate, and pulse or note repetition rate, are discussed further. 
Dascyllus albisella 
Pulse Rate 
The courtship call parameter of pulse rate (PR) in D. albisella males showed more 
variation between individuals than within one individual’s calls, suggesting that pulse rate 
could be used as an individual identifier (Amorim and Vasconcelos 2006, Lamml and 
Kramer 2006, Lamml and Kramer 2007). The plot of coefficient of variation (CV) PR 
plotted against number of recorded calls indicated that a sample size of > 10 recorded 
calls is sufficient to describe the variation in PR within one individual’s calls. 
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Likewise, the PR showed significant differences between randomly chosen 
subsets of data from a single individual when bootstrapped at sample sizes of n=5. This 
resampling analysis presented alternate samplings of the data and provided a snapshot of 
the outcomes that smaller samples sizes of recordings could have resulted in. These 
results indicated that if a low sample size of five recorded calls is used to describe the 
sounds of one individual, inaccurate significant difference can be found. Therefore, 
sample sizes of > 5 calls are needed from each D. albisella male when describing PR or 
there is the risk of finding erroneous differences in the data. The resampling analysis 
supports the findings of the CV plotted against number of recorded calls, indicating that 
sample sizes of >10 recorded calls per individual are sufficient to describe individual 
variability, since no inaccurate differences were found at resampled subsets of n=10. 
The CV of D. albisella pulse rate data plotted against the number of recorded 
individuals included in the analysis reached an asymptote at a coefficient of variation of 
14% after a sample size of three recorded individuals (Figure 6.10).  This indicated that 
recording only three individuals of D. albisella was likely sufficient to capture the 
variation in PR for the species, and that the species-level variation in pulse rate is 
approximately ~14%. In summary, it was estimated that 10 acoustic recordings from 
three individuals were needed to describe the pulse rate of the courtship dip in D. 
albisella. 
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Pulse Repetition Rate 
The courtship call parameter of pulse repetition rate (PRR) in D. albisella males 
also showed more variation within one individual’s calls than between individuals, 
suggesting that the call parameter of PRR could be used as an individual identifier 
(Amorim and Vasconcelos 2006, Lamml and Kramer 2006, Lamml and Kramer 2007). It 
is interesting to note that although pulse rate and pulse repetition rate both describe 
the temporal pulse patterning of the courtship call, within individual variability of pulse 
repetition rate was higher than within individual variability of pulse rate. Specifically, the 
variability of pulse repetition rate was higher for Fish 2. This difference was reflected in 
the plot of CV of pulse repetition rate vs. the number of recorded individuals, which 
indicated that a sample size of > 15 recorded calls was needed to describe the variation 
within one individual’s pulse repetition rate, higher than the sample size of 10 individuals 
necessary to describe the species pulse rate. 
Again, similar to the results for pulse rate, the CV of D. albisella pulse repetition 
rate data plotted against the number of recorded individuals reached an asymptote at 
the coefficient of variation of 14% after a sample size of only three individuals (Figure 
6.11).  This indicated that recording only three individuals of D. albisella was likely 
sufficient to capture the variation in pulse repetition rate for the species, and that the 
species-level of variation for pulse repetition rate is ~14%. In summary, it was estimated 
that 15 recorded calls from three individuals were needed to describe the pulse 
repetition rate of the courtship dip in D. albisella. 
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Batrachoides gilberti 
Note Rate 
B. gilberti males showed more variation in note rate between individuals, than 
within one individual’s calls; the within individual coefficient of variation (CVw) was < 8% 
for each of the B. gilberti males, while the CV between all individuals was 12%. A level of 
10% variation of a call parameter for one individual is considered very stereotypical 
(Amorim and Vasconcelos 2006). Therefore, the mean note rate of B. gilberti boatwhistle 
calls is a highly-conserved call parameter within individuals. The ratio of CVb/CVw was 
also much greater than one for all males, indicating that the call parameter of note rate 
in the B. gilberti boatwhistle could be used for individual identification.  
The plot of coefficient of variation of note rate vs. the number of recorded calls 
indicated that a sample size of only five recorded calls was sufficient to describe the 
variation within a B. gilberti individual’s note rate to a level of less than 5% variation. 
Furthermore, the note rate of the Batrachoides gilberti boatwhistle call showed no 
significant differences between randomly chosen subsets of data from a single individual 
when bootstrapped at a sample size of n=5 or n=10. Therefore, sample sizes of five calls 
from each B. gilberti male should be sufficient to describe the species variability in note 
rate without the risk of finding inaccurate differences between the calls of a single 
individual.  
The CV of B. gilberti note rate data plotted against the number of recorded 
individuals appeared to begin to plateau at a coefficient of variation of 12% after a 
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sample size of five recorded individuals (Figure 6.20).  This indicated that recordings of 
five individuals of B. gilberti are likely sufficient to capture the variation in note rate for 
the species. However, the variation curve did not reach a clear asymptote, so a sample 
size of greater than five individuals may provide a better estimate of B. gilberti note rate. 
Thus, the analysis of variation showed that the available sample size of recorded 
individuals in this study was probably not sufficient to incorporate all of the variability in 
note rate for this species; however, the curve is almost level, indicating that this sample 
size is likely close to being sufficient, and that the necessary sample size is likely not 
much larger than five or six individuals.  
In summary, it was estimated that five acoustic recordings from each individual 
are needed to describe note rate in B. gilberti males. It appears five individuals may be 
sufficient to describe the species variability in note rate of the boatwhistle call, but due 
to an unclear asymptote of the CV curve, it is recommended that greater than five 
recorded individuals of B. gilberti are used to describe note rate. 
Note Repetition Rate 
B. gilberti males also showed more variation in note repetition rate between 
individuals, than within one individual’s calls. Similar to the call parameter of note rate, 
note repetition rate was a very stereotypical call parameter within B. gilberti individuals 
and could theoretically be used to identify individuals. The plot of CV of note repetition 
rate plotted against number of recorded calls indicated that a sample size of only five 
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recorded calls was sufficient to describe the variation within a B. gilberti individual’s note 
repetition rate.  
Similar to the result for note rate, the CV of B. gilberti note repetition rate data 
plotted against the number of recorded individuals appeared to begin to plateau at a 
coefficient of variation of 12% around a sample size of five recorded individuals (Figure 
6.21).  This indicated that recordings of five individuals of B. gilberti were likely sufficient 
to capture the variation in note repetition rate for the species. However, the variation 
curve did not reach a clear asymptote, so a sample size of greater than five recorded 
individuals may provide a better estimate of B. gilberti note repetition rate. Thus, the 
analysis of variation showed that the available sample size of recorded individuals in this 
study was probably not sufficient to incorporate all of the variability in note repetition 
rate for this species; however, the curve appeared to be leveling out, indicating that this 
sample size is likely close to being sufficient, and that the sample size needed is likely not 
much larger than five or six individuals.  
In summary, it was estimated that five recorded calls from each individual are 
needed to describe note repetition rate in B. gilberti males. It appears five individuals may 
be sufficient to describe the species variability in note repetition rate of the boatwhistle 
call, but due to an unclear asymptote of the CV curve, it is recommended that greater 
than five recorded individuals are used to describe note repetition rate in B. gilberti. 
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Comparison of Results to the Literature 
This study was able to provide further evidence that temporal sound parameters 
have the potential for use in species and individual identification in fishes. The results for 
the call parameters of pulse rate (PR) and pulse repetition rate (PRR) for Dascyllus 
albisella are parallel to those found for another damselfish, Stegates partitus, in which the 
pulse patterning of sounds was shown to be used for species identification (Myrberg and 
Spires 1972, Myrberg et al. 1978, Spanier 1979, Myrberg et al. 1986). The results for PR 
and PRR also had a CVb/CVw ratio of > 1 in most fish, suggesting that these call 
parameters could be used as individual identifiers. In S. partitus, neighbors were found to 
use sounds for individual identification, and temporal patterning of sounds was one of 
the hypothesized cues transmitting information on identity (Myrberg and Riggio 1985). 
In line with the results for Batrachoides gilberti, note repetition rate was found to 
significantly differ between individuals of Opsanus tau (Edds-Walton et al. 2002). 
Similarly, note (pulse) period, another call parameter that describes note patterning, was 
determined to have a CVb/CVw ratio > 1 in a the toadfish species Halobatrachus 
didactylus, suggesting the use of note patterning for individual identification in that 
species (Amorim and Vasconcelos 2008). 
In contrast to PR and PRR, the parameters of call length and number of pulses, 
or notes, per call do not appear to provide any individually identifying information in 
either D. albisella or B. gilberti since they do not differ more between individuals than 
within individuals. The call parameters of call length and number of pulses or notes per 
call were quite variable within and between males of both species. However, these call 
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parameters could still provide important intraspecific information, such as male 
motivation or male quality that could provide females with information for use in mate 
choice. The results for call length in B. gilberti are in contrast to the toadfish species H. 
didactylus, that shows a lower variability in call length than B. gilberti with a CVb/CVw ratio 
suggesting that call length in H. didactylus could be used as an individual identifier 
(Amorim and Vasconcelos 2008).  
Unfortunately, it was found that the sample sizes of individuals recorded in this 
study did not appear to capture the large amount of variability in the call length and 
number of pulses or notes per call in D. abisella and B. gilberti. The data indicate that 
acoustic recordings from greater than five or six individuals (for D. albisella and B. gilberti, 
respectively) are needed to fully describe the variability in these call parameters, in these 
species. The available sample size of recorded individuals for this study was insufficient 
to capture the full range of variation in these call parameters for D. albisella and B. 
gilberti.  
Applicability of Results to Other Damselfish and Toadfish Sound 
Descriptions  
The necessary sample size of ten calls from each of three individuals found for 
the pulse rate in D. albisella courtship dip sounds, may be able to guide sampling for the 
description of pulse rate in other damselfish sounds since it has been demonstrated that 
D. albisella has greater variability in call parameters than three other Dascyllus species 
(Parmentier et al. 2009). If the call variability in other Dascyllus species is less than that in 
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D. albisella, then a lower sample size will be needed to describe the lower amount of 
variability in those species calls compared to the estimated sample size needed for D. 
albisella.  
The necessary sample size of five calls for greater than five individuals for note 
rate in B. gilberti may also be used to guide sampling for the description of other toadfish 
species boatwhistle calls since the variability of note patterning is even lower in the first 
two sections of the boatwhistle, within and between individuals, in Halobatrachus 
didactylus, the one other toadfish species with described call parameter variability 
(Amorim and Vasconcelos 2008). Thus, even lower sample sizes would be needed to 
describe the note patterning of H. didactylus compared to B. gilberti. The study describing 
the call parameter variability of H. didactylus utilized a more than sufficient sample size of 
13 recorded individuals with 16 recorded calls per male (Amorim and Vasconcelos 
2008). 
It is hoped that the reported sample sizes for the variability in calling seen in D. 
albisella and B. gilberti can inform future fish sound descriptions by providing target 
sample sizes for use when recording other damselfish or toadfish acoustic signals in the 
lab or the field. The estimated sample sizes needed to describe the species calls may be 
helpful for future descriptions of damselfish and toadfish sounds for use as a minimum 
target for the number of call recordings per individual and number of recorded 
individuals to collect, especially in species where call variability is unknown. Otherwise, 
these estimated sample sizes could be used as a more accurate guide for sample 
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collection if the species call variability is less than or equal to that of D.albisella and B. 
gilberti. 
The Use of Coefficient of Variation to Estimate the Number of Recordings 
Needed to Describe Sounds 
This study utilized the examination of the coefficient of variation of call 
parameters, coupled with resampling techniques, as a method to determine sufficient 
sample sizes needed to describe the full-range of variability that exists in an individual or 
a species sound. This indicator of sample variability was successfully used to estimate 
that the sample size of call recordings and number of recorded individuals used in this 
study was likely sufficient to describe the pulse and note patterning parameters of the 
courtship calls of D. albisella and B. gilberti. This analysis also determined, however, that 
the sample sizes used were not sufficient to describe the more variable call parameters 
of call length, and number of pulses or notes per call. 
An examination of variability in collected samples of recordings is recommended 
as an addition to the presentation of average call parameters in future fish sound 
descriptions.  It would be useful for this method to become a standard component of 
sound descriptions in order to provide an indicator of each description’s estimated 
inclusiveness in describing the full-range of variability of calling in the group being 
described.  
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